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ABSTRACT 
Evolutionary Consequences of the Introduction of  
Eleutherodactylus coqui to Hawaii 
by 
Eric M. O'Neill, Doctor of Philosophy 
Utah State University, 2009 
Major Professor: Dr. Michael E. Pfrender 
Department: Biology 
 The introduction of a species to areas outside its native range can result in 
ecological and genetic changes of evolutionary significance.  The frog Eleutherodactylus 
coqui was introduced to Hawaii, from Puerto Rico, in the late 1980s and has lost genetic 
variation in mitochondrial DNA.  The extent to which founder effects have influenced 
phenotypic variation in the introduced range is unknown.  In this study I compared 
phenotypic variation in life-history traits, advertisement calls, and stripe patterns among 
introduced and native populations of the frog Eleutherodactylus coqui.  I also conducted 
laboratory experiments to determine the influence of genetics and temperature on trait 
variation.  Body size in wild populations was positively correlated with elevation in both 
ranges, but the slope of elevation on body size was greater in Puerto Rico than in Hawaii.  
Advertisement call frequencies and rates were negatively correlated with elevation but 
duration was positively correlated with elevation.  Frequencies were correlated with body 
size, but rate, duration, and intensity were not.  Color patterns are more variable in Puerto 
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Rico than Hawaii and appear to be maintained by balancing selection in Puerto Rico.  
Lab results indicate that body size is negatively correlated with temperature, which may 
explain Bergmann's rule in the field, but patterns of intrinsic growth rate may explain 
differences in the effect of elevation between Hawaii and Puerto Rico.  Body size appears 
to explain most of the variation in call frequencies, whereas temperature explained most 
of the variation in rate and duration.  Color patterns appear to be determined by a single 
locus with five alleles.  Founder effects appear to explain the difference between Hawaii 
and Puerto Rico in color pattern variation and in clinal variation in body size and call 
frequencies.  The loss of genetic variation in these traits is likely to have evolutionary 
consequences for this species in Hawaii. 
(148 pages) 
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CHAPTER 1 
INTRODUCTION 
 Colonization, the establishment of a species into a new area due to one or more 
dispersal events, can result in ecological and genetic changes of evolutionary 
significance, especially when it involves a small number of colonizers moving a great 
enough distance to prevent further gene flow with native populations (Baker and Stebbins 
1965; Parsons 1983; Mooney and Drake 1986).  Colonization events via recent human 
introduction are of particular interest because they allow investigation of the evolutionary 
consequences of colonization on an historic time scale (Brown and Marshall 1981).  
Introduced populations often experience founder effects and novel ecological conditions, 
leading to alterations in their life-history and demography (Eckert et al. 1996).  These 
ecological or genetic changes can have a direct impact on the evolutionary dynamics of 
populations, especially by influencing the relative importance of natural selection and 
stochastic processes on phenotypic variation (Keller and Taylor 2008). 
In their native range, populations are often locally adapted to different 
environments (Kawecki and Ebert 2004).  Alternatively, introduced populations often 
experience founder effects and may possess similar or identical genotypes in different 
environments.  As a result, the source of an introduction may play a major role in the 
evolution of introduced populations.  In their introduced ranges species may encounter 
environmental gradients similar to those in the native range (e.g. Huey et al. 2000).  If 
populations in the native range are locally adapted along a gradient, then the source of an 
introduction may affect how introduced populations respond to similar environmental 
gradients (Bossdorf et al. 2008).  Alternatively, if organisms are sufficiently plastic, 
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phenotypic responses in the introduced ranges will not be affected by a reduction in 
genetic variation. 
 The nocturnal, terrestrial frog Eleutherodactylus coqui (Thomas 1966) was 
introduced to Hawaii via nursery plants in the 1980's (Kraus et al. 1999).  Since its 
introduction, E. coqui has spread to all four main islands and has been especially 
successful on the island of Hawaii where over 200 populations are known to exist (Kraus 
and Campbell 2002).  Most populations of E. coqui have established at elevations below 
500 m (Kraus et al. 1999), but two populations are known to be persisting for several 
years above 800 meters (Kraus and Campbell 2002).  The ecological consequences of the 
introduction of E. coqui to Hawaii is the subject of ongoing research (Beard and Pitt 
2005; Beard et al. 2008), but the evolutionary consequences to E. coqui are generally 
unknown. 
Results from a phylogeographic study of indicate that populations of E. coqui on 
the Island of Hawaii have reduced genetic variation in mtDNA compared with 
populations in the native range of Puerto Rico (Velo-Anton et al. 2007).  Furthermore, 
populations of on the Island of Hawaii are most closely related to low elevation 
populations in northeastern Puerto Rico near San Juan, where the primary ports for this 
island are located (Velo-Anton et al. 2007).  These results suggest a potential for founder 
effects in Hawaii, especially for traits that are locally adapted in Puerto Rico. 
In its native range, E. coqui is a wide-ranging species that exists from sea level to 
1180 m and in a wide variety of habitats (Schwartz and Henderson 1991).  Across the 
elevational gradient in Puerto Rico, E. coqui exhibits clinal variation in body size and 
advertisement calls.  Body size clines in Puerto Rico follow Bergmann's rule with larger 
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frogs at higher elevations and smaller frogs at lower elevations.  Whether these clines are 
evidence of local adaptation or phenotypic plasticity has not been investigated. 
Advertisement calls at higher elevations have lower frequencies, longer durations, slower 
rates and greater intensities (Narins and Hurley 1982; Narins and Smith 1986).  How 
body size and temperature affect call parameters has not been investigated.  
Eleutherodctylus coqui also exhibits a wide range of color and stripe pattern 
polymorphisms in Puerto Rico.  A recent study of color pattern polymorphisms suggests 
that these may be adaptive in Puerto Rico (Woolbright and Stewart, 2008).  The mode of 
inheritance of color patterns is not known.  We also do not know the degree to which 
color patterns are maintained by selection or migration. 
The objectives for this study were to determine the evolutionary consequences of 
the invasion on body size and other life-history traits, advertisement calls, and color 
patterns.  Life-history traits are generally considered good measures of Darwinian fitness 
(Roff 1992; Sterns1992) and may be important for modeling the potential range of E. 
coqui in Hawaii (e.g. Urban et al. 2007).  Advertisement calls are common forms of 
communication for most frogs (Duellman and Trueb 1986).  Calls generally function in 
mediating aggressive interactions between males and attracting gravid females (Wells 
1977, 1988).  If clinal variation in life-history traits and advertisement calls is the result 
of local adaptation to different elevations in Puerto Rico, then populations in Hawaii may 
exhibit reduced clinal variation across similar elevational gradients, and populations in 
Hawaii should be more similar to low elevation populations in Puerto Rico.  
Alternatively, if clinal variation is largely a plastic response then populations in Hawaii 
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should show similar responses to elevational gradients compared with those in Puerto 
Rico. 
Color patterns in E. coqui are thought to be genetic (Woolbright and Stewart 
2008), but the exact mode of inheritance is not known.  Understanding the mode of 
inheritance will facilitate tests for selection in Puerto Rico using the locus comparison 
approach (sensu Hoffman et al. 2006) and determine how founder effects may have 
influenced stripe pattern variation in Hawaii.  Founder effects are expected to have 
resulted in the loss of rare alleles; therefore alleles that are rare in Puerto Rico should be 
absent from Hawaii.  Additionally, the presence of different alleles in different 
populations in Hawaii may suggest a history of multiple introductions.  Overall any loss 
in the number of alleles will alter the evolution of stripe patterns in Hawaii compared 
with Puerto Rico. 
In Chapter 2, I conducted field and laboratory experiments to determine whether 
the introduction to Hawaii has resulted in changes in body size and other life-history 
traits.  Life-history traits include lifetime patterns of growth, differentiation, storage of 
reserves and reproduction (Begon et al. 1990).  Life-history traits therefore include size at 
birth or hatching and maturity, development rates, and the investment in reproduction at 
different ages and sizes (Roff 1992; Stearns 1992).  Life-history traits often exhibit clinal 
variation across environmental gradients (Berven and Gill 1983), which have been 
attributed to local adaptation for some species of frogs (Berven 1982; Skelly 2004), and 
plasticity for others (Nylin and Gottard 1998).  In this study I examined the phenotypic 
variation in adult body size across elevational gradients in both ranges to test for 
Bergmann clines.  Additionally I used common garden experiments to test for genetic, 
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maternal, and environmental effects on life-history traits including clutch size, egg size, 
development period, hatching size, and growth rate. 
In Chapter 3, I conducted field and laboratory experiments to determine whether 
the introduction to Hawaii has resulted in changes in advertisement calls.  
Eleutherodactylus coqui produces a two-note advertisement call: "Co-Qui".  The first 
note, Co, functions in male-male territorial interactions (Narins and Capranica 1976), 
while the second note, Qui, functions in the attraction of females (Narins and Capranica 
1976, 1978).  In this study I measured the phenotypic variation in call parameters across 
elevational gradients in both native and introduced range to determine if the introduction 
has resulted in changes in these traits.  Additionally, I used common garden experiments 
to test for genetic and environmental effects on call parameters. 
 In Chapter 4, I tested for evolutionary consequences of the introduction on color 
patterns.  Color patterns are common features of frogs and are thought to provide crypsis 
or aposematic signals (Hoffman and Blouin 2000).  Eleutherodactylus coqui exhibits a 
wide range of color patterns including various stripes, spots, and red pigment on legs 
(Schwartz and Henderson 1991; Joglar 1998; Woolbright 2005).  Studies in the Luquillo 
Mountains of Puerto Rico suggest that these patterns are maintained by balancing 
selection (Woolbright and Stewart 2008), but the potential role of gene flow could not be 
excluded.  In this study, I characterized phenotypic variation of color patterns in native 
and introduced populations of E. coqui.  I also used breeding experiments to determine 
the mode of inheritance for color patterns.  These results were used to test for selection in 
Puerto Rico and potential founder effects in Hawaii. 
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CHAPTER 2 
CLINAL VARIATION IN NATIVE AND INTRODUCED POPULATIONS  
OF ELEUTHERODACTYLUS COQUI: LIFE-HISTORY TRAITS 
Introduction 
 Introduced species often exhibit changes in phenotypic traits compared with 
native populations.  Whether these changes are the result of prior evolutionary history 
and chance, adaptation in the new range, or phenotypic plasticity is not well known. 
Introduced species often lose genetic variation as a result of founder effects and therefore 
frequently have limited potential for adaptive change (Lee 1999; Pujol and Pannell 2008; 
but see Kolbe et al. 2004).  Despite this fact, introduced species often develop phenotypic 
clines that converge on patterns found in the native range (reviewed in Lee 1999).  
Convergent clines may be the result of adaptation (Huey et al. 2000), but often result 
from phenotypic plasticity (Williams et al. 1995; Levine 2000; Willis et al. 2000; 
Thébaud and Simberloff 2001).  Differentiating between genetic and plastic responses to 
variation in environmental parameters can be important for modeling the potential 
distribution of introduced species (Parker et al. 2003; Urban et al. 2007). 
 Larger adult body size at higher elevations or latitudes (i.e. Bergmann’s Rule) is a 
common pattern found in many species of ectotherm (Ray 1960; Belk and Houston 2002; 
Ashton and Feldman 2003) including some amphibians (Ashton 2002; but see Laugen et 
al. 2005; Adams and Church 2008).  These patterns are thought to be responses to 
temperature, but there is considerable debate about whether these responses are the result 
of adaptation or plasticity.  Laboratory studies show, for the majority of ectotherms, 
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lower temperatures result in slower growth rates, and larger adult body size (Atkinson 
1994).  This relationship, called the "temperature size rule" (Atkinson 1996), is a special 
case of Bergmann's rule in which the relationship between environmental temperature 
and body size is the product of phenotypic plasticity.  While plasticity is clearly an 
important determinant of body size in many ectotherms, considerable evidence suggests 
that body size clines can be, in part, genetically determined (Berven 1982a, 1982b; Huey 
et al. 2000; Partidge et al. 1994).  These two hypotheses are not mutually exclusive 
because both genetic and environmental effects may be important for the formation of 
Bergmann clines (Conover and Schultz 1995). 
 The temperature size rule is not restricted to adult body size, but predicts that 
lower temperatures result in larger sizes at any given stage of development (Atkinson 
1994, 1996).  Egg size and offspring size frequently show plasticity in response to 
temperature (Smith-Gill and Berven 1979; Miaud et al. 1999) either as maternal effects 
on eggs (Mousseau and Fox 1998) or direct effects on offspring growth rate (Angilletta et 
al. 2004).  Maternal effects can propagate through an individual's life, such that clinal 
variation in adult body size (snout vent length, SVL) may be in part maternal in origin 
(Chambers and Leggett 1996; Morrison and Hero 2003). 
 The nocturnal, terrestrial frog, Eleutherodactylus coqui, was introduced to Hawaii 
in the late 1980s (Kraus et al. 1999).  In its native range of Puerto Rico, E. coqui occurs 
from sea level to 1180 m (Schwartz and Henderson 1991) and exhibits clinal variation in 
body size (snout-vent length, SVL) across an elevational gradient (Narins and Smith 
1986).  In Hawaii, most populations are established at low elevations (<500 m) (Beard 
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and Pitt 2005) and are most closely related to low elevation populations in Puerto Rico 
(Velo-Anton et al. 2007). 
In this study, I compared the patterns of temperature and elevation with body size 
in wild populations to determine whether the temperature-size rule generally explains 
phenotypic variation.  Because these field data can only demonstrate correlations, I also 
conducted an experiment in a controlled setting, where I manipulated temperature to 
determine, more specifically, the relative contributions of genetics, maternal effects, and 
plasticity on life-history traits directly linked to body size.  I conducted a breeding 
experiment with frogs from both the native and introduced ranges and from different 
elevations in high and low temperature-controlled rooms to assess the role of genetics, 
maternal effects, and plasticity on egg size, clutch size, developmental period, hatching  
size, and growth rate. 
Methods 
Field 
Frogs were sampled at five sites in Puerto Rico in May 2006 and from two sites in 
Hawaii in June 2006 (Table 2.1).  Within each site, a high elevation (> 700 m) population 
and a low elevation (< 300 m) population were sampled, for a total of 10 populations in 
Puerto Rico and four populations in Hawaii.  Sites and populations were chosen to 
maximize the geographic and elevational coverage across each island (Fig. 2.1).  At each 
high and low elevation population within a site, I established 20 m × 20 m plots divided 
into four 5-m wide transects, following Woolbright (2005).  Plots were located in closed 
canopy forests with moderate to heavy understory of herbaceous and/or woody 
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vegetation.  Beginning at dusk, around 1900 h, after frogs had sufficient time to move to 
nocturnal perch sites, two people surveyed each transect for frogs.  Transects were 
searched for 15 minutes, not including handling time, for a minimum total of 120 person 
minutes per plot.  Adult frogs were hand-captured from 1900 to 0100 h, sexed, and 
measured to 0.1 mm with dial calipers. At least 20 adult males and 20 adult females at 
each site were sampled when possible.  Temperature was recorded for each population at 
1900 h on the date that frogs were collected. 
To compare temperatures across elevations in Hawaii and Puerto Rico, data were 
obtained from weather stations maintained by NOAA (US Department of Commerce, 
National Climatic Data Center, Climatological Data Annual Summary 2001-2005).  The 
localities of weather stations were chosen to maximize the geographic and elevational 
coverage across each island.  Data were collected from a total of 10 stations in Puerto 
Rico and 9 stations in Hawaii (Table 2.2; Fig. 2.2). 
Laboratory 
 To estimate the influence of genetic, maternal, and environmental effects on life-
history traits in a controlled setting, a sub-sample of frogs were collected and sent to a 
laboratory at Utah State University to be used in a common garden experiment.  At least 
20 adult male and 20 adult female frogs were collected from high and low elevations 
from two sites in Puerto Rico (El Yunque and Rio Abajo) in May 2006 and one site in 
Hawaii (Hilo) in June 2006. The two sites in Puerto Rico represent the two major clades 
(eastern and western, respectively) of this species in Puerto Rico (Velo-Antón et al. 
2007).  The site in Hawaii is from within the eastern clade, and is most closely related to 
low elevation populations in northeastern Puerto Rico (Velo-Antón et al. 2007).  The site 
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in Hawaii is one of only two sites for which there existed a high and low elevation pair, 
and was the only site for which genetic origin had previously been determined.  Finally, 
the populations we studied in Hawaii were some of the oldest known E. coqui 
populations considering our elevation restrictions (Beard pers. comm.) 
In the laboratory, each male frog was housed with a female frog from the same 
population in half of a 37.85-L terrarium, which was divided using corrugated plastic.  
Frogs were given two retreat sites (15-cm PVC pipe), one small potted plant (Pothos 
spp.), and moist sphagnum moss as substrate.  Frogs were given vitamin dusted (Tree 
Frog Dust, T-Rex) crickets and water ad libitum.  Pairs were randomly allocated to two 
temperature-controlled rooms (19ºC and 25ºC, the maternal temperatures) with a 12:12 
L:D cycle and humidity was maintained at > 90% within the terraria.  These temperatures 
were within the range of temperatures normally encountered in the field (Table 2.3).  For 
identification, each adult frog was marked frogs by clipping one to four toes (one clip per 
foot) in unique combinations.   
Terraria were checked daily for eggs.  Clutches were removed and the number of 
eggs was counted for each clutch.  Egg size was measured from two orthogonal 
directions for 10 randomly selected eggs per clutch.  Clutches were divided in half and 
placed in separate Petri dishes (95 mm diameter) lined with a moist paper towel.  Half of 
each clutch was placed in the 19ºC room and the other half in the 25ºC room (the rearing 
temperature).  Clutch size and egg size were measured before the clutches were divided 
and placed in separate temperature-controlled rooms.  Petri dishes were watered and 
checked every two days.  Infertile eggs or eggs showing evidence of fungal infection 
were removed.  Five to seven days after hatching, juvenile frogs were moved to 
  
15
individual Petri dishes (95 mm diameter) lined with moist paper towel and sphagnum 
moss, and fed Collembola ad labium.  Petri dishes were changed weekly.  Juvenile frogs 
were measured to 0.01 mm using an optical micrometer approximately one week after 
hatching and again after approximately one month.  Development period (days required 
for eggs to hatch) and size at hatching were measured after clutches were divided. 
Growth rate (mm/day) was estimated after approximately one month. 
Statistical Analysis 
 To characterize variation in SVL across Puerto Rico and Hawaii, analysis of 
variance (ANOVA) was used to evaluate the effects of range (Puerto Rico and Hawaii), 
site nested within range (seven levels: five in Puerto Rico and two in Hawaii), and 
elevation (high and low).  Because E. coqui is sexually dimorphic (Woolbright 1989), 
males and females were analyzed separately. 
 To evaluate the effect of range (Puerto Rico and Hawaii) on the relationship 
between temperature and elevation, analysis of covariance (ANCOVA) was used with 
elevation (centered on the mean) as a covariate for temperature. 
To determine the effects of site (El Yunque and Rio Abajo from Puerto Rico and 
Hilo from Hawaii), elevation (high and low), maternal temperature (the temperature at 
which eggs were produced, 19°C and 25°C), and rearing temperature (the temperature at 
which eggs and hatchlings were allowed to grow, 19°C and 25°C) on clutch size, egg 
size, development period, size at hatching, and growth rate after one month, ANOVA 
was used in a completely randomized design.  Because frogs in this study were collected 
in the field as adults, the main effects of source site and elevation contain both genetic 
and residual maternal effects from the field.  The main effects of maternal and rearing 
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temperatures were considered plastic effects because females were randomly allocated to 
these temperatures. 
Maternal effects can often be statistically reduced by using analysis of covariance, 
but the strong correlation between elevation and body size resulted in no significant 
effect for SVL (or interactions between SVL and main effects) when it was included as a 
covariate in the model along with elevation.  Therefore I was not able to more directly 
test for maternal effects.  To determine the relationships between maternal SVL and 
clutch size, egg size, development period, size at hatching, and growth rate after one 
month, regression analysis was used.  For each variable, separate regressions were 
performed for different maternal or rearing temperatures if that temperature was a 
significant factor in the ANOVA.  Post-hoc means comparison tests were conducted 
using differences of least squares means.  Percent differences reported in the text were 
calculated using the raw means. 
 Normal probability plots revealed that data for all variables except clutch size and 
growth rate were approximately normally distributed with equal variances.  To meet 
assumptions of normality and homogeneity, clutch size and growth rate data were log 
transformed prior to analysis.  Mean trait values were used for each female (pooled 
across eggs or offspring within a clutch or across multiple clutches) for all variables 
except clutch size.  All statistical analyses were conducted using SAS 9.1 (SAS Institute, 
Cary, North Carolina, USA).  ANOVAs and ANCOVAs were conducted using PROC 
MIXED.  Regressions were conducted using PROC REG.  Differences in fixed effects 
(range, site nested within range, elevation, maternal temperature, and rearing 
temperature) were only reported if there were not significant interactions.  Significance 
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was considered p < 0.05.  In the text p-values are presented only for post-hoc analyses; 
otherwise p-values are presented in the tables.  Trait values presented in the text are mean 
± 1 SE. 
Results 
Field  
A total of 459 males and 261 females were measured in the field (Table 2.1).  
Male and female frogs were larger at higher elevations than at lower elevations in both 
Puerto Rico and Hawaii and at all sites, but the difference by elevation was greater for 
Puerto Rico than Hawaii (Table 2.3; Fig. 2.2 A, C).  Among sites in Puerto Rico, high 
elevation frogs were 9–26% larger than low elevation frogs, and in Hawaii, high 
elevation frogs were 5–12% larger than low elevation frogs.  The effect of elevation on 
SVL was greater for Cayey, El Yunque, and Toro Negro than for Guilarte, Hilo, Kona, 
and Rio Abajo (Fig. 2.3 B, D). 
Mean annual temperature in Puerto Rico ranged from 27°C to 21°C across an 
elevational gradient from 2 m to 868 m above sea level (Fig 2.5).  In Hawaii, temperature 
ranged from 23.6°C to 16.7°C over a gradient from 11 m to 797 m.  Elevation was a 
significant covariate of temperature in both ranges (ANCOVA: df = 1,16; F = 57.81; P < 
0.0001) and there was no difference between Hawaii and Puerto Rico in the slopes of 
temperature and elevation (no range x elevation interaction).  When statistically 
correcting for elevation, temperatures were lower in Hawaii than in Puerto Rico at the 
grand mean elevation for both ranges (ANCOVA: df = 1,16; F = 142.28; P < 0.0001) (LS 
mean at 333 m: HI = 21.5°C; PR = 24.2°C). 
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Laboratory 
Clutch size was positively correlated with elevation for both sites in Puerto Rico 
(El Yunque: P = 0.0048 and Rio Abajo: P < 0.0001) but not for Hawaii (Hilo: P = 0.60) 
(Table 2.6; Figure 2.4 A).  High elevation frogs from Puerto Rico produced 3-6% larger 
clutches than low elevation frogs.  El Yunque produced larger clutches than Rio Abajo (P 
< 0.0001) or Hilo (P = 0.0002), but there was no difference in clutch size between Rio 
Abajo and Hilo (P = 0.34) (Table 2.6; Figure 2.4 A).  Clutch size was positively 
correlated with temperature (Table 2.6; Figure 2.4 B).  Frogs in 25°C produced 0.5% 
larger eggs than those in 19°C.  Clutch size (combined across all sites and elevations) 
was positively correlated with maternal SVL in both maternal temperatures (Table 2.7).  
Clutch size ranged from 13 to 64 eggs. 
Egg size was positively correlated with elevation for all sites (Table 2.7; Figure 
2.4 C) 3% larger for high elevation than low elevation frogs.  El Yunque produced eggs 
that were 7% larger than Hilo (P < 0.0001) and 4% larger than Rio Abajo (P = 0.0020), 
and Rio Abajo produced eggs that were 3% larger than Hilo (P = 0.0381).  Mean egg size 
across all sites and elevations was 6% larger in 19°C than in 25°C (Table 2.6; Fig 2.6 B).  
Egg size was positively correlated with maternal SVL in both maternal temperatures 
(Table 2.7).  Egg sizes ranged from 4.3 mm to 5.8 mm.   
Development period (time required for eggs to hatch) ranged from 16 to 33 days.  
There was no effect of elevation on development period.  Development period was 
shorter for Rio Abajo than El Yunque (P = 0.014), but there was no difference between 
Rio Abajo and Hilo (P = 0.42), or El Yunque and Hilo (P = 0.06).  Rearing temperature 
had a large effect on development period.  Eggs reared at 25°C had a 68% shorter 
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development period than eggs reared in 19°C.  Maternal temperature had a smaller effect 
on development period.  Eggs produced in 25°C took 10% less time to develop than eggs 
produced in 19°C (Fig. 2.7). Development period was not correlated with maternal SVL 
(Table 2.7). 
Hatching size (SVL of hatchlings) ranged from 6.2 mm to 8.9 mm.  High 
elevation frogs from all sites hatched, on average, 6% larger than low elevation frogs 
(Fig. 2.8).  Hatching size was 7% larger for El Yunque (mean = 7.4) than Hilo (mean = 
6.9; P < 0.0001) and Rio Abajo (mean = 7.0; P < 0.0001), but there was no difference 
between Hilo and Rio Abajo (P = 0.20).  Hatchlings from eggs produced in 19°C were 
4% larger than those from eggs produced in 25°C (maternal temperature).  Hatchlings 
from eggs that were reared in 25°C were 0.3% larger than those from eggs that were 
reared in 19°C.  Hatching size was positively correlated with maternal SVL in all 
maternal and rearing temperatures (Table 2.7). 
 Growth rate (SVL growth over one month) ranged from 0.007 to 0.049 mm per 
day.  High elevation frogs grew faster than low elevation frogs from El Yunque (62% 
faster; P = 0.0002) and Rio Abajo (103% faster; P < 0.0005), but there was no difference 
between high and low elevation frogs from Hilo (P = 0.30) (Table 2.6; Fig 2.9 A).  
Neither maternal nor rearing temperature showed any effect on growth rate (Table 2.6;  
Fig. 2.9 B).  Growth rate was positively correlated with maternal SVL (Table 2.7). 
 
 
Discussion 
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Temperature and Body Size in the Field 
Variation in male and female body size within Puerto Rico and Hawaii follows 
Bergmann's rule and is consistent with the temperature-size rule, with frogs at higher 
elevations, and in cooler temperatures, growing larger than those at lower elevations and 
in warmer temperatures.  These results are consistent with Lopez (1999), who found that 
temperature explained 93–95% of the variation in body size in E. coqui along an 
elevational gradient in northeastern Puerto Rico (El Yunque).  However, the relationship 
between elevation and body size shows considerable variation across Puerto Rico, 
suggesting that either temperature is highly variable across similar elevations, or that 
other factors are also important for determining adult body size. 
Between Hawaii and Puerto Rico, male and female body size do not follow the 
pattern predicted by the temperature-size rule, because temperatures at equivalent 
elevations were colder in Hawaii than in Puerto Rico, and frogs in Hawaii were smaller 
than those in Puerto Rico.  If adult body size is the result of the temperature size rule, 
then frogs in Hawaii should be larger than those in Puerto Rico.  A possible explanation 
for smaller frogs in Hawaii than in Puerto Rico at equivalent elevations may be genetic 
effects on SVL.  High and low elevation populations at Hilo (HI) are derived from to low 
elevation populations in Puerto Rico and are not different from one another in mtDNA 
(646 bp cytb) (Velo-Anton et al. 2007).  If the cline in adult body size is determined in 
part by genetics in Puerto Rico, then genetically small frogs would have been introduced 
to Hawaii, and thus occupy both high and low elevations.  Adult body size in other frogs 
is determined by a combination of genetic and environmental factors (Berven 1982a, 
1982b; Riha and Berven 1991).  If this pattern holds for E. coqui, then Hawaii 
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populations may be genetically constrained to smaller sizes because of historical 
selection in Puerto Rico and the chance introduction of low elevation frogs to Hawaii.   
The presence of a cline in body size in Hawaii may be the result of phenotypic plasticity. 
Genetic and Maternal Field Effects 
All five life-history traits studied in the laboratory (clutch size, egg size, 
development period, hatching size, and growth rate) showed significant correlations with 
site and/or elevation, and therefore are likely influenced by either genetic or maternal 
effects from the field.  Isolating genetic differences is generally not possible with only 
first generation results because of possible environmentally induced maternal effects of 
the field caught mothers on first generation offspring reared in the laboratory.  But in this 
study, the genetic backgrounds of the different populations can provide clues about which 
traits are likely under genetic control and which are likely to be subject to maternal 
effects from the field.  Because both high and low elevation populations at Hilo possess 
very similar genetic backgrounds (Velo-Antón et al. 2007), any differences by source 
elevation in the laboratory for Hilo are likely the result of maternal effects.  Alternatively, 
traits that are not different by elevation for Hilo, but are different by elevation for both El 
Yunque and Rio Abajo are more likely to be the result of genetic differences. 
Egg size and hatching size were both positively correlated with elevation for all 
sites and showed no interactions between sites; therefore the correlations with elevation 
in Hawaii are probably maternal effects, resulting from larger female body sizes at higher 
elevations.  Egg size, and hatching size are positively correlated with female body size in 
most ectotherms (Shine 1988; Honek 1993); and egg size is known to be an important 
transmitter of maternal effects in amphibians (Berven 1988; Berven and Chadra 1988).  
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Alternatively, clutch size and growth rate were not different between elevations for Hilo, 
but were both positively correlated with elevation at both El Yunque and Rio Abajo, 
therefore it is likely that these traits are largely under genetic control and are not subject 
to significant maternal effects. 
All life-history traits in this study, except development period, were correlated 
with maternal body size.  Despite the general relationship between body size and life-
history traits, there was no difference in clutch size or growth rate between high and low 
elevation populations in Hawaii, but body size is positively correlated with elevation in 
Hawaii.  This further suggesting that clutch size and growth rate are not maternal effects.   
The general relationships between body size and clutch size, body size and egg 
size, and hatching size and egg size are consistent with previous studies (Townsend and 
Stewart 1994; Lopez 1999).  The positive correlation between clutch size, egg size, 
hatching size and elevation in this experiment were similar to those reported by Lopez 
(1999) (mean clutch size of 38 and mean egg size of 5.0 mm for high elevations (> 850 
m) and mean clutch size of 25 and mean egg size of 4.6 mm for low (< 100 m) elevations 
of E. coqui in a common garden).  Townsend and Stewart (1994) found a mean clutch 
size of 28 at 350 m at El Yunque. 
Rio Abajo frogs had slightly shorter development periods than either El Yunque 
or Hilo despite similar elevations.  Rio Abajo is located on the western side of the island, 
which receives less rainfall than El Yunque, which may require shorter development 
periods. The absence of a correlation between elevation and development period suggests 
that there is no local adaptation to different temperatures at different elevations within 
sites. 
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Growth rates during the first month were faster, for high elevation frogs than for 
low elevation frogs from both sites in Puerto Rico, but not for Hawaii.  If growth rate 
were an effect of maternal investment, then we would expect it to follow similar patterns 
as egg size and hatching size.  Growth rate did not follow the same pattern as egg size 
and hatching size, because frogs from Hilo grew at the same rate regardless of source 
elevation, but frogs from El Yunque and Rio Abajo grew faster if the source elevation 
was higher.  Therefore we suggest that this is a genetic, rather than a maternal effect. 
Somewhat surprising is the lack of a temperature effect on growth rate.  
Ectotherms should grow more slowly at lower temperatures.  I argue that the lack of a 
temperature effect is not evidence of no effect, but a lack of power to detect the effect.  
Mean growth rate was slower at lower temperatures, but the effect was not significant,  
possibly because the variance was too high to detect the effect. 
Maternal Temperature Effects 
Maternal temperature effects were found for clutch size, egg size, development 
period, and hatching size.  The temperature size rule does not make direct predictions 
about clutch size, but if larger eggs are laid in colder temperatures, then clutch size 
should be smaller because presumably there is a trade-off between egg size and clutch 
size.  Smaller clutch size, and larger eggs, in colder laboratory temperatures was 
consistent with this prediction, but the effect appears greater on egg size than clutch size. 
This suggests that reproductive effort as well as egg size was greater in 19°C than in 
25°C. 
Consistent with the temperature-size rule, colder temperatures resulted in larger 
egg size and hatching size for frogs from both Hawaii and Puerto Rico. 
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Maternal temperature effects on clutch size were very small.  This is somewhat 
surprising considering that egg size increased in lower temperatures and there is an 
expected trade-off between egg size and clutch size.   
Egg size in ectotherms may be negatively correlated with maternal temperature 
because metabolism increases faster than diffusion rates as temperature increases; 
therefore large eggs may suffer from hypoxia at higher temperatures (Woods 1999).  
Maternal effects on eggs size in colder temperatures may be an adaptive form of 
plasticity, because it allows females to produce eggs that are more likely to survive in the 
maternal temperature (e.g. Fischer et al. 2003).  This demonstrates a plastic temperature 
effect on size that begins at the stage of the egg. 
There was also a small effect of the maternal temperature on development period, 
with longer development periods for eggs produced in colder temperatures.  This may 
was likely the result of the time after the eggs were fertilized but before the clutches were 
split between rearing temperatures. Larger hatching size in colder temperatures is 
probably a result of larger eggs.  These two life-history traits are frequently correlated in 
ectotherms and may both be the result of maternal investment through yolk size (Sinervo  
1990). 
Rearing Temperature Effects 
Rearing temperature had a large effect on development period (time required for 
amphibian eggs to hatch) but a small effect on hatching size.  Consistent with the 
temperature-size rule, development periods were longer in the colder environment.  The 
smaller size at hatching for frogs in colder temperatures in the laboratory may reflect a 
slower growth rate and was much smaller than the effect of maternal temperature, which 
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resulted in larger hatching size regardless of the rearing temperature.  Therefore the 
temperature size rule may be driven more by maternal temperature than rearing 
temperature. 
Amphibian development periods frequently exhibit plastic responses to 
temperature (Moore 1939; Justus et al. 1977; Voss 1993), but some species also show 
evidence of local adaptation to their native temperatures (Laugen et al. 2003).  In this 
experiment, development period for eggs was longer in colder environments for all sites 
and elevations.  More specifically, a 1°C decrease in temperature increased development 
period by about two days.  This result is similar to the field results found by Townsend 
and Stewart (1986) that a decrease in 1°C increased development periods by 2.5 days.  
Longer development periods at higher elevations could result in higher mortality of eggs 
and less successful reproduction; therefore, plasticity in this trait may not be adaptive, but 
instead a constraint. 
Growth rate during the first month after hatching was not affected by rearing 
temperature.  This is surprising considering that temperature has been indicated as the 
major proximal factor explaining the variation in growth rate in most ectotherms (van der 
Have and de Jong 1996) including amphibians (Smith-Gill and Berven 1979).  This may 
indicate that growth rate in E. coqui is canalized with respect to temperature, but this is 
not consistent with the hatching size data.  If growth rate is canalized then frogs reared at 
25°C, which are on average 18 days old at hatching, should be smaller than those reared 
at 19°C, which are on average 30 days old at hatching.  Hatching size was actually larger 
at a rearing temperature of 25°C than at 19°C, suggesting that growth rate before 
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hatching was faster in higher temperatures.  The absence of a temperature effect on 
growth rate after one month may be a result of the small sample size and/or large  
variance for this trait. 
Implications 
The hypothesis that the temperature-size rule explains some of the clinal variation 
in body size in E. coqui is supported by the maternal effects of larger egg size and 
hatching size in colder maternal temperatures and the offspring effects of longer 
development periods in colder rearing temperatures.  If these temperature effects 
propagate throughout the life of E. coqui, as they do in other ectotherms (Atkinson 1994, 
1996), maturity should be delayed and body size should be larger at lower temperatures.  
The field results are consistent with this prediction, with larger frogs occurring at higher 
elevations (where temperatures are colder) at all sites.  While these results support the 
hypothesis that some of the variation in adult body size is the result of the temperature-
size rule, temperature is not the only factor affecting adult body size, as frogs in colder 
temperatures in Hawaii are smaller than those in Puerto Rico. 
Some of the clinal variation in body size may be genetic.  Body size at a particular 
development stage is a function of growth rate and cellular differentiation (Bonner 1952).  
Growth rate appears to be a genetically determined in E. coqui, because elevation was 
correlated with growth rate for frogs from Puerto Rico but not for frogs from Hawaii.  
Development period is a function of cellular differentiation.  Because the greatest 
difference in development period was the result of differences in rearing temperature, it 
seems likely that cellular differentiation is mostly a plastic response to temperature.  If 
differentiation happens at a slower rate due to lower temperatures, at high elevations in 
  
27
Hawaii than in Puerto Rico, then the lack of an elevational difference in growth rate in 
Hawaii may explain, in part, why adult body size is less different by elevation in Hawaii 
than Puerto Rico.   
Data from other amphibians indicate that growth rate before reproduction is 
positively correlated with adult body size (Halliday and Verrell 1988).  Woolbright 
(1989) found that growth rate of E. coqui decreases sharply after reaching reproductive 
maturity.  Thus, it is likely that growth rate prior to reproduction is linked to adult body 
size in this species as well.  This result would be amplified if maturity is delayed in 
colder temperatures, which is expected if the same patterns for development period apply 
to maturity.  
Other hypotheses, besides the temperature-size rule, have been suggested to 
explain environmentally induced clinal variation in life-history traits in amphibians.  
These include clinal variation in food availability (Wilbur and Collins 1973; Bernardo 
and Agosta 2003), predation (Wilbur and Collins 1973), density (Wilbur and Collins 
1973; Bernardo and Reagan-Wallin 2002), desiccation rate (Wilbur and Collins 1973; 
Voss 1993) and length of the active season (Voss 1993; Bernardo 1994).  While any of 
these may also influence body size, this study supports the hypothesis that temperature 
affects body size in the direction predicted by the temperature-size rule within Hawaii 
and Puerto Rico and conforms to the patterns observed in the field. 
Evidence of local adaptation in growth rate suggests that growth rate is and 
important component of fitness.  If clinal variation in growth rate in Puerto Rico is an 
adaptive response to temperature, then high elevation frogs may be less fit in Hawaii 
because they lack this adaptation.  Rapid growth is thought to evolve when a minimum 
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size must be reached rapidly or to compensate for slowed growth due to environmental 
conditions (Arendt 1997).  If high elevation frogs from Puerto Rico were introduced to 
high elevations in Hawaii, they may have higher fitness than the frogs that currently exist 
there.  Overall, this suggests that the source of the introduction may be important for the  
relative success of these frogs at different elevations in Hawaii. 
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Table 2.1.  Locality data for study populations in Hawaii and Puerto Rico and mean adult body size (SVL) of males and females from 
each population. 
 
Range Site Symbol 
Elevation 
category 
Elevation 
(m) 
N 
(M:F) 
Latitude 
(N) 
Longitude 
(W) 
Temperature 
(°C) 
Mean male 
SVL (mm)* 
Mean female 
SVL (mm)* 
Hawaii Hilo HH High 766 50:38 19º 28'49 155º 09'29 20.5 29.0ab 36.4abc 
  HL Low 192 54:35 19º 28'58 154º 54'10 23.0 27.7c 33.2e 
 Kona KH High 952 35:16 19º 42'25 155º 56'57 18.5 30.8h 36.0bcd 
  KL Low 265 34:11 19º 38'01 155º 57'38 22.0 27.6c 34.4de 
Puerto  Cayey CYH High 865 24:04 18º 06'53   66º 04'47 21.0 35.7e 47.7fg 
Rico  CYL Low 232 27:03 18º 04'20   66º 04'20 24.5 28.7b 41.8abghij 
 El Yunque EYH High 714 31:23 18º 17'54   65º 47'15 21.5 38.5d 48.7f 
  EYL Low 198 49:35 18º 20'01   65º 45'38 24.5 31.3h 39.2i 
 Guilarte GH High 995 29:30 18º 08'36   66º 44'00 20.5 32.9g 41.0h 
  GL Low 150 12:04 18º 04'24   66º 48'05 26.0 29.0ab 33.7cde 
 Rio Abajo RAH High 714 25:27 18º 12'59   66º 44'51 24.0 32.2g 41.4h 
  RAL Low 80 35:31 18º 21'28   66º 41'02 25.5 29.6a 37.8aj 
 Toro Negro TNH High 978 26:04 18º 11'12   66º 29'36 19.5 34.2f 40.8hij 
    TNL Low 241 28:00 18º 06'57   66º 34'29 25.5 27.1c NA 
* Numbers followed by the same lower case letter are not significantly different for SVL when using post-hoc means test comparisons 
at P < 0.05. 
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Table 2.2.  NOAA stations used to estimate the relationship between temperature and elevation in Hawaii and Puerto Rico.  
 
Range Site Latitude (N) Longitude (W) Elevation (m) 
Mean Annual TºC  
(2001-2005) 
Hawaii Glenwood 19º 31'00 155º 10'00 670 19.7 
 Hilo Airport 19º 43'00 155º 04'00 11 23.6 
 Kauamana 19º 41'00 155º 09'00 360 21.7 
 Kihalani 19º 97'28 155º 23'09 302 22.0 
 Kurtistown 19º 59'47 155º 08'40 292 21.0 
 Lalamilo Field 20º 01'00 155º 41'00 797 16.7 
 Opihihale 19º 16'26 155º 52'39 415 20.9 
 Puukohola Heiau 20º 02'00 155º 50'00 43 23.3 
 South Kona 19º 06'00 155º 47'00 719 19.9 
Puerto 
Rico Adjuntas 18º 10'28 66º 47'52 558 21.2 
 Aibonito 18º 07'37 66º 15'51 722 21.0 
 Arecibo 18º 20'58 66º 45'07 323 24.1 
 Dorrado Airport 18º 28'20 66º 18'20 2 26.3 
 Guyama 17º 58'43 66º 05'14 22 26.9 
 Isabella  18º 27'48 67º 09'39 128 25.4 
 Juncos 18º 13'35 65º 54'41 65 25.8 
 Ponce 18º 01'32 66º 31'31 21 26.8 
 San Juan Airport 18º 26'00 66º 00'00 2.7 27.0 
  Toro Negro Forest 18º 10'23 66º 29'34 868 21.5 
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Table 2.3. ANOVAs for the effects of source range, site, and elevation on adult body size 
(SVL) for male and female Eleutherodactylus coqui in Hawaii and Puerto Rico. 
 
    Males     Females  
Source df F P  df F P 
Range 1,437 398.68 <0.0001  1,244 90.24 <.0001 
Site (Range) 5,437 70.06 <0.0001  5,244 19.15 <.0001 
Elevation 1,437 709.97 <0.0001  1,244 59.29 <.0001 
Range x Elevation 1,437 113.49 <0.0001  1,244 12.29 0.0005 
Site (Range) x Elevation 5,437 24.30 <0.0001  4,244 7.75 <.0001 
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Table 2.4.  ANOVAs for the effects of site, elevation, maternal temperature on clutch size 
and egg size for Eleutherodactylus coqui in the laboratory. 
 
Source df F P 
Clutch Size 
   
  Site 2,106 14.41 <0.0001 
  Elevation 1,106 13.28 0.0004 
  Site x Elevation 2,106 5.54 0.0052 
  Maternal temperature 1,106 6.55 0.0119 
  Site x Maternal temperature 2,106 4.47 0.0136 
  Elevation x Maternal temperature 1,106 0.00 0.9503 
  Site x Elevation x Maternal temperature 2,106 2.71 0.0711 
Egg size (mm) 
  
 
  Site 2,82 16.48 <0.0001 
  Elevation 1,82 7.87 0.0063 
  Site*Elevation 2,82 2.04 0.1367 
  Maternal temperature 1,82 13.36 0.0005 
  Site x Maternal temperature 2,82 1.77 0.1768 
  Elevation x Maternal temperature 1,82 0.00 0.9859 
  Site x Elevation x Maternal temperature 2,82 0.87 0.4210 
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Table 2.5. ANOVAs for the effects of source site and elevation and maternal and rearing 
temperatures on hatching size, development period, and growth rate in the laboratory. 
 
Source DF F P 
Development Period (days) 
   
  Site 2,111 3.64 0.0294 
  Elevation 1,111 0.00 0.9528 
  Maternal temperature 1,111 8.00 0.0056 
  Site x Elevation 2,111 1.97 0.1437 
  Site x Maternal temperature 2,111 1.85 0.1619 
  Elevation x Maternal temperature 1,111 0.58 0.4489 
  Site x Elevation x Maternal temperature 2,111 0.53 0.5910 
  Rearing temperature 1,64 3093.07 <0.0001 
  Site x Rearing temperature 2,64 0.18 0.8383 
  Elevation x Rearing temperature 1,64 0.22 0.6400 
  Maternal temperature x Rearing temperature 1,64 0.01 0.9197 
  Site x Elevation x Rearing temperature 2,64 2.68 0.0760 
  Site x Maternal temperature x Rearing temperature 2,64 0.44 0.6470 
  Elevation x Maternal temperature x Rearing temperature 1,64 0.25 0.6191 
  Site x Elevation x Maternal temperature x Rearing temperature 2,64 0.30 0.7439 
Hatch Size (mm)    
  Site 2,88 16.11 <0.0001 
  Elevation 1,88 20.45 <0.0001 
  Maternal temperature 1,88 5.93 0.0169 
  Site x Elevation 2,88 0.66 0.5177 
  Site x Maternal temperature 2,88 0.50 0.6065 
  Elevation x Maternal temperature 1,88 1.75 0.1890 
  Site x Elevation x Maternal temperature 2,88 0.21 0.8111 
  Rearing temperature 1,62 6.12 0.0161 
  Site x Rearing temperature 2,62 0.96 0.3877 
  Elevation x Rearing temperature 1,62 0.00 0.9916 
  Maternal temperature x Rearing temperature 1,62 0.09 0.7590 
  Site x Elevation x Rearing temperature 2,62 0.06 0.9395 
  Site x Maternal temperature x Rearing temperature 2,62 0.39 0.6804 
  Elevation x Maternal temperature x Rearing temperature 1,62 0.03 0.8586 
  Site x Elevation x Maternal temperature x Rearing temperature 2,62 0.41 0.6649 
Growth rate (mm day-1)    
  Site 2,67 5.96 0.0005 
  Elevation 1,67 19.25 <0.0001 
  Maternal temperature 1,67 2.09 0.1436 
  Site x Elevation 2,67 2.65 0.0475 
  Site x Maternal temperature 2,67 1.03 0.3554 
  Elevation x Maternal temperature 1,67 0.27 0.6046 
  Site x Elevation x Maternal temperature 2,67 1.51 0.2167 
  Rearing temperature 1,41 0.49 0.3895 
  Site x Rearing temperature 2,41 0.56 0.4795 
  Elevation x Rearing temperature 1,41 0.08 0.8949 
  Maternal temperature x Rearing temperature 1,41 0.07 0.7321 
  Site x Elevation x Rearing temperature 2,41 0.57 0.7187 
  Site x Maternal temperature x Rearing temperature 2,41 0.24 0.7167 
  Elevation x Maternal temperature x Rearing temperature 1,41 0.24 0.6845 
  Site x Elevation x Maternal temperature x Rearing temperature 2,41 0.73 0.5114 
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Table 2.6.  Regression analyses of life-history traits and maternal body size (SVL) for 
Eleutherodactylus coqui in the laboratory. 
 
Variable 
Maternal 
Temperature 
(T°C) 
Rearing 
Temperature 
(T°C) 
 
 
df R2 F P 
Clutch size 19 NA* 1,49 0.1306 7.36 0.0092 
 25 NA 1,152 0.0550 8.85 0.0034 
Egg size 19 NA 1,28 0.4014 18.78 0.0002 
 25 NA 1,99 0.1796 21.67 <0.0001 
Development period 19 19 1,37 0.0111 0.35 0.5588 
 19 25 1,37 0.1127 3.56 0.0697 
 25 19 1,41 0.0036 0.13 0.7246 
 25 25 1,44 0.0531 1.74 0.1968 
Hatching size 19 19 1,39 0.3358 16.18 0.0003 
 19 25 1,38 0.3507 15.66 0.0004 
 25 19 1,41 0.2632 12.50 0.0012 
 25 25 1,46 0.3855 20.70 <0.0001 
Growth rate NA NA 1,135 0.2021 34.19 <0.0001 
*NA = non-applicable 
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Table 2.7.  Summary of genetic or maternal effects from the field, maternal temperature effects, and rearing temperature effects for 
Eleutherodactylus coqui in the laboratory. NA = non-applicable. 
 
Life-history Trait Genetic or maternal 
effects of source site or 
elevation 
Genetic or maternal 
effects of maternal 
body size (SVL) 
Maternal effects 
plasticity 
(Maternal temperature) 
Rearing effects 
plasticity  
(Rearing temperature) 
Clutch size Differs by site 
Positively correlated with 
elevation for Puerto Rico 
No correlation with 
elevation for Hawaii 
 
Positively correlated 
with maternal SVL 
Positively correlated 
with temperature 
NA* 
Egg size Differs by site 
Positively correlated with 
elevation for all sites 
 
Positively correlated 
with maternal SVL 
Negatively correlated 
with temperature 
NA 
Development period Differs by site 
No correlation with 
elevation 
 
No correlation with 
maternal SVL 
Negatively correlated 
with temperature 
Negatively correlated 
with temperature 
Hatching size Differs by site 
Positively correlated with 
elevation for all sites 
Positively correlated 
with maternal SVL 
Negatively correlated 
with temperature 
Positively correlated 
with temperature 
Growth rate Differs by site 
Positively correlated with 
elevation for Puerto Rico 
No correaltion with 
elevation for Hawaii 
Positively correlated 
with maternal SVL 
No correlation with 
temperature 
No correlation with 
temperature 
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Figure 2.1.  Map of study sites in Hawaii.  Filled circles are sites from this study.  Open circles are NOAA climate stations. 
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Figure 2.2. Map of study sites in Puerto Rico.  Filled circles are sites from this study.  Open circles are NOAA climate stations.
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Figure 2.3.  Adult body size (SVL) of male (A, B) and female (C, D) E. coqui grouped by range (A, C) and site (B, D) from Hawaii 
and Puerto Rico in the field (means ± 1 SE).   
A B 
C D 
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Figure 2.4.  Relationship between temperature and elevation in Hawaii and Puerto Rico.  
Regression lines are based on NOAA data only. 
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Figure 2.5. The effects of (A,C) source site, elevation, and (B, D) maternal temperature 
on clutch size and egg size for Eleutherodactylus coqui in the laboratory (means ± 1 SE). 
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Figure 2.5.   The effects of (A, C, E) source site, elevation, and (B, D, F) maternal and 
rearing temperature on (A, B) hatching size, (C, D) development period, and  (E, F) 
growth rate in the laboratory (means ± 1 SE). 
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CHAPTER 3 
CLINAL VARIATION IN NATIVE AND INTRODUCED POPULATIONS  
OF ELEUTHERODACTYLUS COQUI: ADVERTISEMENT CALLS 
Introduction 
 The success and spread of introduced species may depend largely on their ability 
to respond to novel environments (Tsutsui et al. 2000).  Recent studies have found 
evidence that adaptation plays a role in clinal variation across environmental gradients in 
introduced species (Williams and Moore 1989; Weber and Schmid 1998; Huey et al. 
2000; reviewed in Stockwell et al. 2003).  Although adaptive responses can be an 
important factor in the spread of introduced species, limitations to natural selection can 
prevent optimal phenotypes from emerging in a particular environment (Antonovics 
1976).  Weak or inconsistent selection, gene flow, and negative correlations between 
fitness components can constrain adaptation (Lande 1982).  The most severe constraint 
on natural selection, however, is simply a lack of genetic variation within populations.  
Introduced species often experience founder effects and bottlenecks during and after 
immigration to the new range, resulting in populations with little genetic variation 
(Barrett and Richardson 1986).  Despite low genetic variation, many introduced species 
occupy extensive ranges with diverse environments (Tsutsui et al. 2000).  Such spread 
may occur when the introduced species possesses extensive phenotypic plasticity, thereby 
reducing the importance of adaptation in the new range (Lee 1999). 
One such species that has low genetic variation in its introduced range, but which 
may have adaptive or plastic responses of interest is the frog, Eleutherodactylus coqui 
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(Velo-Antón et al. 2007).  E. coqui is a nocturnal, terrestrial frog, endemic to Puerto 
Rico, which was accidentally introduced to Hawaii in the 1980s (Kraus et al. 1999).  E. 
coqui is a notable invader because of its distinctive two-note call, Co-Qui, from which its 
name originates.  The main public concern surrounding its invasion to Hawaii is its loud 
call, up to 85–90 db at 0.5 m (Beard and Pitt 2005), which exceeds levels set to minimize 
interference with the enjoyment of life (70 dBA, Department of Health, Hawai’i Revised 
Statutes Section 324F-1).  The presence of E. coqui can lower property values, as 
potential buyers chose property free from calls or are unwilling to pay as much for land 
that has E. coqui (Kaiser and Burnett 2006).  Kaiser and Burnett (2006) evaluated the 
relationship of E. coqui complaints and the sales price of homes from 1995-2005 
throughout the Island of Hawaii and projected that, over all residential properties, direct 
damages to property values were at a minimum $7.6 million.  In addition, the cost to 
public agencies for the management and control of E. coqui populations in Hawaii 
exceeds $4 million per year (HISC 2007). 
Because it is the call that has made this species a noteworthy invader, it may be 
particularly important to determine whether its call differs between its introduced and 
native range, and, in particular, whether the intensity of the call has changed.  The call of 
E. coqui has been the focus of intense study in its native range.  The first note of the call, 
Co, functions in male-male territorial interactions (Narins and Capricana 1976).  The 
second note, Qui, is higher in frequency and functions in the attraction of females (Narins 
and Capricana 1976, 1978).  More specific to this study, call frequencies, rate, duration, 
and intensity have been found to be correlated across the elevational gradient in the 
Luquillo Mountains of northeastern Puerto Rico.  The following correlations between 
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elevation and call parameters are known: negative with fundamental frequency of each 
note, positive with the duration of the call and call intensity, and negative with call rate 
(Narins and Smith 1986; Lopez and Narins 1991; Narins 1995).  However, it is not 
known whether call parameters for E. coqui in Hawaii respond in the same way to 
elevational gradients. 
Across the elevational gradient in the Luquillo Mountains of northeastern Puerto 
Rico, in addition, to the clinal variation in its characteristic two-note call, E. coqui also 
shows clinal variation in body size (Narins and Smith 1986).  In fact, call frequencies, 
rate, duration, and intensity are correlated with body size across the elevational gradient 
in Puerto Rico.  Larger frogs call at lower frequencies, with longer durations, higher 
intensities, and at slower rates than smaller frogs (Gerhardt and Huber 2002; Smith and 
Hunter 2005).   Thus, the relationships between elevation and call parameters may be a 
result of body size differences among conspecific populations at different elevations.  
Perhaps, more obviously, another variable that changes with elevation and could 
influence call parameters is temperature (Gerhardt and Huber 2002).  E. coqui has also 
been found to call at lower frequencies and slower rates in colder temperatures, which 
occur at higher elevations (Narins and Smith 1986).  The relative importance of body size 
and temperature to call parameters in E. coqui has not fully been explored.  To further 
complicate this pattern, the loss of genetic variation in E. coqui populations with its 
introduction is thought to have resulted in reduced clines in body size across the 
elevational gradients in Hawaii compared with Puerto Rico (Chapter 2), and temperatures 
in Hawaii are colder than those in Puerto Rico at similar elevations (Chapter 2), which 
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may influence call parameters.  How these differences affect variation in calls is not 
known. 
 In this study, I examined the relationships between elevation, body size, and 
temperature on call parameters in native and introduced populations of Eleutherodactylus 
coqui.  Specifically, I tested whether the clines in call parameters, previously observed in 
the Luquillo Mountains of Puerto Rico, occurred in other parts of Puerto Rico and 
whether similar clines have become established in Hawaii.  Additionally, in a controlled 
laboratory setting, I tested how body size and temperature are related to call parameters 
in both ranges.  If most of the variation in call parameters is the result of body size then 
we expect that there will be less variation in Hawaii than in Puerto Rico across similar 
elevational gradients, because there is less variance in body size in Hawaii.  
Alternatively, call parameters are mainly affected by temperature then Hawaii may show 
patterns similar to those in Puerto Rico, but because Hawaii is colder than Puerto Rico,  
there may be a shift in the mean values across elevational gradient. 
 
Methods 
Field 
 Call data were collected in May 2006, from five study sites in Puerto Rico, and in 
June 2006, from two study sites on the Island of Hawaii (Table 3.1; Fig. 3.1 A, B).  
Within each site, there was a high elevation (> 700 m) population and a low elevation (< 
300 m) population, for a total of 10 populations in Puerto Rico and four populations in 
Hawaii.  Temperature was recorded for each population at 1900 h, which was after dusk, 
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providing sufficient time for frogs to move to nocturnal perch sites.  Recording began at 
1900 h and continued until calls from ten frogs for each population were recorded, except 
for Guilarte Low in Puerto Rico, where only five frogs were found that could be 
recorded.  A Sennheiser K6 unidirectional microphone with windscreen was placed 0.5 m 
in front of each calling male, and 10 to 20 calls were recorded on a Marantz PMD660 
Digital Solid State Recorder.  Call intensity (decibel sound pressure level; dB SPL), was 
measured over 10 to 20 calls, using a precision sound level meter (GenRad 1982, set to C 
weighting) held in the same orientation and distance from the frog as the microphone 
(following Lopez and Narins 1991).  After each recording, the calling frog was captured 
and body size (snout-vent length, SVL) was measured to 0.1 mm with a dial caliper. 
Recorded calls were digitized to produce a spectrogram using Canary v. 1.2.4 
software (Bioacoustics Research Program, Cornell Laboratory of Ornithology).  The 
frequency in hertz (Hz) of the Co and Qui notes was determined as the maximum 
amplitude 20 milliseconds (ms) after the start of each note.  The duration (in ms) of each 
call was determined as the time between the begining of Co to the end of Qui.  Two calls 
per frog were measured for frequencies and duration, and the means of these were used 
for all analyses.  Call rate (calls per minute) over the 5 to 20 continuous calls was also  
measured from the recordings for each frog. 
Laboratory 
To estimate the effect of temperature on call parameters in a more controlled 
setting, calls were recorded in two temperature-controlled rooms in a laboratory at Utah 
State University.  To obtain these recordings, at least 20 adult male and 20 adult female 
frogs were collected from high and low elevations for two sites in Puerto Rico (El 
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Yunque and Rio Abajo) in May 2006 and one site in Hawaii (Hilo) in June 2006.  The 
two sites in Puerto Rico were used to collect field calls, and are representative of the two 
major clades (eastern: El Yunque and western: Rio Abajo) identified by Velo-Anton et al. 
(2007).  Frogs from both elevations at the Hilo site are genetically most closely related to 
low elevation populations in northeastern Puerto Rico (part of the lowland eastern clade, 
Velo-Anton et al. 2007). 
In the laboratory, each male frog was randomly paired with a female frog from 
the same population in half of a divided 37.85-L terrarium.  Frogs were given two retreat 
sites (15-cm PVC pipe), one small potted plant of Pothos sp, and sphagnum moss as 
substrate.  Frogs were fed vitamin dusted (Tree Frog Dust, T-Rex) crickets and water ad 
libitum.  Half of the frogs from each population were maintained in a temperature-
controlled room at 19ºC and the other half of the frogs in a temperature controlled room 
at 25ºC with a 12:12 L:D cycle and humidity maintained at > 90% within the terraria.  
These temperatures were chosen because they are within the range of temperatures 
observed in the field (Table 3.1).  For identification, each adult frog was marked frogs by 
clipping one to four toes (one clip per foot) in unique combinations. 
Calls were recorded in the laboratory from December 2006 to March 2007, 
approximately 6 to 9 months after collection.  Methods for recording calls were identical 
to those in the field, except the microphone was held 5 cm above the terrarium of the 
calling frog.  We were unable to obtain accurate estimates of call intensity in the 
laboratory because background noises, including other frogs calling interfered with 
repeatable measurements.  Frogs were measured to 0.1 mm within a week of recording in  
the laboratory with a dial caliper. 
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Statistical Analyses 
 For the field data, analyses of variance (ANOVA) was used in a completely 
randomized design to evaluate the effect of range (Puerto Rico and Hawaii), site nested 
within range (seven levels: five levels from Puerto Rico and two from Hawaii), and 
elevation (high and low) on SVL, Co and Qui frequencies, call rate, call duration, and 
call intensity.  To test the effects of SVL on call parameters, analysis of covariance 
(ANCOVA) were used with SVL (centered across all samples) as a covariate for Co and 
Qui frequencies, call rate, call duration, and call intensity.  Regression analyses were 
used to determine relationship between SVL and the call parameters.  Post-hoc means 
comparison tests were conducted using differences of least squares means.  Percent 
differences reported in the text were calculated using the raw means. 
 For the laboratory data, ANOVA was used in a completely randomized design to 
evaluate the effect of site (El Yunque and Rio Abajo from Puerto Rico and Hilo from 
Hawaii), elevation (high and low), and temperature (19°C and 25°C) on SVL, Co and Qui 
frequencies, call rate, and call duration.  To estimate the variation explained by SVL and 
temperature, R2 and partial R2 were calculated for the linear relationship between SVL 
and temperature, for each variable.  Because of small sample sizes in the laboratory 
portion of the study, data were pooled across sites and elevations for this analysis.  Post-
hoc means comparison tests were conducted using differences of least squares means. 
 All data were normally distributed with equal variances; therefore, no 
transformations were used.  All statistical analyses were conducted using SAS 9.1 (SAS 
Institute, Cary, North Carolina, USA).  ANOVAs and ANCOVAs were conducted using 
PROC MIXED.  Differences in fixed effects were reported if there were not significant 
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interactions.  Regression analyses were conducted using PROC REG.  Estimates of 
partial R2 were calculated using PROC GLIMMIX because temperature was a discrete 
variable and SVL was continuous.  We considered P < 0.05 significant for all statistical 
tests.  In the text P-values are presented only for post-hoc analyses; otherwise P-values  
are presented in the tables.  Trait values presented in the text are mean ± 1 SE. 
Results 
Field  
 SVL and call data were collected from a total of 95 frogs in Puerto Rico and 40 
frogs from Hawaii (Table 3.1).  SVL was positively correlated with elevation in both 
ranges, but the slope was greater for Puerto Rico than Hawaii (Table 3.2; Fig. 3.2 A).  In 
Puerto Rico, high elevation frogs were 10–28% larger than low elevation frogs, whereas 
in Hawaii, high elevation frogs were 4–7% larger than low elevation frogs.  At all sites 
except Hilo, high elevation frogs were larger than low elevation frogs (Fig. 3.2 B).  
Additionally, the slope of SVL on elevation was greater for Cayey, El Yunque, and Toro 
Negro than for Guilarte, Kona, and Rio Abajo (Fig. 3.2 B). 
 Frequencies of Co and Qui notes were negatively correlated with elevation.  High 
elevation frogs had lower Co and Qui notes than low elevation frogs for both ranges and 
at all sites, but slopes were greater for Puerto Rico than Hawaii (Table 3.2; Fig. 3.3 A, C).  
In Puerto Rico, high elevation frogs had 9–25% lower Co and 10–32% lower Qui 
frequencies than low elevation frogs, and in Hawaii, high elevation frogs had 9–14% 
lower Co and 14–17% lower Qui frequencies than low elevation frogs. Within sites, frogs 
from higher elevations always had lower Co and Qui frequencies but the difference by 
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elevation was greater for Cayey, El Yunque, Guilarte and Toro Negro than for Rio Abajo, 
Hilo, and Kona (Fig. 3.3 B, D).  
Hawaiian frogs had 10% longer call durations than Puerto Rican frogs across all 
sites and elevations.  Call duration was also longer at high elevations than at low 
elevations for both ranges and at all sites.  In Puerto Rico, high elevation frogs called 16–
47% longer than low elevation frogs, and in Hawaii, high elevation frogs called 20–26% 
longer than low elevation frogs (Table 3.2; Fig 3.4 A).  Within sites, elevation had the 
greatest effect on call duration for Guilarte and Toro Negro and the smallest effects on 
Rio Abajo, but was similar for other populations (Table 3.2; Fig. 3.4 B). 
Puerto Rican frogs called at a faster rate (37% more calls per minute) than 
Hawaiian frogs (Table 3.2; Fig. 3.4 C).  Low elevation frogs called at a faster rate than 
high elevations frogs at Cayey (P = 0.0029), Guilarte, (P = 0.0029), Kona (P = 0.0450), 
and Toro Negro (P < 0.0001), but there was no difference for call rates between high and 
low elevations at El Yunque (P = 0.97), Hilo (P = 0.12), or Rio Abajo (P = 0.11) (Fig. 
3.4 D).  Call intensity was not different between Hawaii and Puerto Rico, between sites 
within each range, or between elevations.  The grand mean call intensity was 96.5 dB (± 
0.28) (Table 3.2). 
SVL was negatively correlated with Co (y = -30x + 1441; R2 = 0.67; P < 0.0001) 
and Qui (y = -56x + 2308; R2 = 0.66; P < 0.0001) frequencies across both ranges. When 
statistically controlling for SVL, Co frequencies were higher for Puerto Rican frogs than 
Hawaiian frogs, but Qui frequencies were not different between Puerto Rico and Hawaii 
(Table 3.3).  Within ranges and sites, Co and Qui were higher for low elevation 
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populations than high elevation populations, but the magnitude of the effect differed by 
site (site x elevation interaction).  There was no relationship between SVL and call rate  
(P = 0.76), call duration (P = 0.67), or call intensity (P = 0.56). 
Laboratory  
 Call data were collected from 45 frogs from two sites in Puerto Rico and 27 frogs 
from one site in Hawaii (Table 3.4).  Frequencies of Co and Qui were, on average, 5% 
higher in 25°C than in 19°C (Table 3.5; Fig. 3.6).  El Yunque had a lower Co frequency 
than Hilo (P < 0.0001) and Rio Abajo (P < 0.0001), but there was no difference between 
Hilo and Rio Abajo (P = 0.56).  High elevation frogs had lower Co frequencies than low 
elevation frogs for El Yunque (P < 0.0001) and Rio Abajo (P = 0.0066), but there was no 
difference in Co frequency between high and low elevation frogs from Hawaii (P = 0.09) 
(Table 3.5; Fig. 3.6).  High elevation frogs had lower Qui frequencies than low elevation 
frogs for all sites, but the effect of elevation on Qui frequency was greater for El Yunque 
than Rio Abajo or Hilo (site x elevation interaction) (Table 3.5; Fig. 3.6). 
Calls were shorter in 25°C than in 19°C for El Yunque High (P < 0.0001), Rio 
Abajo Low (P < 0.0001), Hilo High (P = 0.0006) and Hilo Low (P = 0.0008), but not for 
El Yunque Low (P = 0.33) or Rio Abajo High (P = 0.36) (site x elevation x temperature 
interaction) (Table 3.5; Fig. 3.7).  Call rates were, on average 53% greater in 25°C than in 
19°C for all sites (Table 3.5; Fig. 3.7). 
A larger proportion of the variance in Co and Qui frequencies was explained by 
SVL (44–63%) than by temperature (4–5%).  Temperature explained a greater proportion  
of the variance in rate and duration (33–34%) than did SVL (3–6%) (Table 3.6). 
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Discussion 
The relationships between body size and call frequencies and temperature and rate 
and duration are generally consistent with the known physics of sound and physiology of 
ectotherms.  The fundamental frequency of a tube with a closed end is described by the 
equation F = V/4L, where V is the velocity of a sound wave, which is a function of 
temperature, and L is the length of tube (Berg and Stork 2004).  This equation suggests 
that temperature should have a smaller effect than body size on call frequency if body 
size is correlated with the sound producing structures.  Body size is probably correlated 
with the sound producing structures because call frequencies in frogs are generally 
correlated with body size in both intraspecific (e.g. Zweifel 1968; Robertson 1990) and 
interspecific comparisons (e.g. Duellman and Pyles 1983; Zimmerman 1983).  
Alternatively, in ectotherms, temperature has large effects on muscle activity, and should 
influence call parameters mostly driven by muscle activity.  Thus, call rate and duration, 
which rely on cyclic muscle activity (Girgenrath and Marsh 1997), are strongly affected 
by temperature. 
In Hawaii and Puerto Rico, we found that, in general, as elevation increases, call 
frequencies of Co and Qui decrease, call rates become slower, and call durations become 
longer.  These patterns are consistent with those found in previous studies conducted at 
El Yunque, Puerto Rico (Narins and Smith 1986; Lopez and Narins 1991; Narins 1995).  
However, unlike Narins and Hurley (1982), I did not find that call intensity was 
positively correlated with elevation or SVL, although this may be the result of the 
different methods used (I measured intensity across both calls in the field, while they 
measured intensity of each note from recorded calls).  Similar to studies that have been 
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conducted on other frog species (Zweifel 1968; Martin 1972; Schneider 1977; Gerhardt 
and Mudry 1980; Gayou 1984; Ryan 1988), the relationships between call parameters 
and elevation arise because body size becomes larger at higher elevations, which drives 
the patterns in call frequencies, and because temperatures become cooler at higher 
elevations, which drives the patterns for call rates and call duration. 
Both field and laboratory data support the idea that body size drives the change in 
call frequencies with elevation, and temperature drives the change in call duration and 
rate with elevation.  First, call frequencies for Co and Qui were correlated with body size 
in the field, but call rate and duration were not.  Second, in the laboratory, body size 
explained the most variation in call frequencies (44–63%), with larger frogs producing 
lower frequency calls.  Temperature explained much less variation (4–5%), with colder 
temperatures resulting in lower frequencies.  In contrast, variation in call rate and 
duration in the laboratory was largely explained by temperature (33–34%), with colder 
temperatures resulting in slower rates and longer durations, and body size explained 
much less variation (3–6%), with larger frogs producing slower and longer calls.  These 
results suggest that the cline in call frequencies in the field is mostly a result of body size 
and that temperature had a relatively minor effect, whereas clinal variation in call rate 
and duration are largely the effect of temperature differences with little influence from 
body size.  In E. coqui, body size appears to be the result of both genetic and 
environmental effects, including temperature (Chapter 2); therefore temperature has both 
direct and indirect effects on call frequency, but largely direct effects on rate and 
duration. 
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In the field, differences by elevation in Co and Qui frequencies were smaller for 
Hawaii than for Puerto Rico.  However, after statistically controlling for body size, there 
was no difference between Hawaii and Puerto Rico in the relationship between call 
frequencies and elevation (i.e. no range x elevation interaction).  This suggests that the 
differences in frequencies by elevation are smaller in Hawaii than Puerto Rico because 
the frogs are more similar in size between elevations.  In the laboratory, source elevation 
had a greater effect on Co and Qui frequencies among frogs from Puerto Rico (El 
Yunque and Rio Abajo) than frogs from Hawaii (Hilo).  This is consistent with the field 
data and is likely caused by the smaller differences in body size between elevations in 
Hawaii compared to Puerto Rico.  The consistent relationship between body size and call 
frequencies under different environmental conditions in the field suggests that body size 
is a major determinant of call frequencies.  However, the interactions that we found 
between site and elevation after controlling for body size indicate that other factors (e.g. 
temperature) may also be important.  As further support of the small effect of temperature 
on call frequencies in the field, temperature has a small but significant effect in the 
laboratory on call frequencies. 
 
Genetic or Plastic Call Responses in Hawaii 
As mentioned in the introduction, E. coqui has much lower genetic diversity in 
Hawaii than in Puerto Rico (Velo-Anton et al. 2007).  Thus, we were interested to know 
whether clines in call parameters found in the native range exist in Hawaii.  Other studies 
have found that clinal variation in introduced species is commonly the result of plasticity, 
as opposed to adaptation, especially when genetic variation is lost as a result of founder 
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effects (Sultan 1987; Williams et al. 1995).  We conclude in this study that most of the 
clinal variation in call frequencies in Hawaii appears to be the result of plasticity because 
most variation in frequencies is explained by body size and variation in body size in 
Hawaii is likely the result of plasticity (Chapter 2).  However, we conclude that the clinal 
variation in call frequencies in Puerto Rico is likely to be the result of genetics and 
plasticity because body size in Puerto Rico is likely to be the result of both genetics and 
plasticity (Chapter 2).  This suggests an increased role for plasticity in the formation of 
clines in Hawaii compared with Puerto Rico. 
Although increased plasticity has been shown to evolve in some introduced 
species (Cano et al. 2008), there was no evidence for increased plasticity in the 
introduced range in this study.  Plastic responses to temperature for all call parameters, 
except call duration in the laboratory, were similar between Hawaii and Puerto Rico.  
Low elevation frogs from El Yunque had a smaller response to temperature for call 
duration than all other populations.  Other populations in Puerto Rico show responses 
similar to Hawaii; therefore it is unclear whether greater plasticity for call duration is  
derived in Hawaii. 
Implications 
Populations of E. coqui in Hawaii originate from low elevation populations in 
Puerto Rico (Velo-Anton et al. 2007).  We propose that this has resulted in a mismatch 
between temperature and body size at high elevations in Hawaii compared with 
populations in Puerto Rico.  Call parameters and the auditory system of frogs can be 
differentially influenced by body size and temperature (Gerhardt 1994).  When changes 
in frequency and preference are differentially affected by body size or temperature, 
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mismatches between female preference and male call frequencies may result (Gerhardt 
and Mudry 1980).  Narins and Smith (1986) showed that mismatches in size resulted in 
reduced responses by males to the Co notes by other males.  While the Qui note appears 
to function in the attraction of females (Narins and Capranica 1976, 1978), in local 
ambient temperatures females show no preference for call dominant frequency among 
frogs from the same elevation, but a strong preference for calls at a high rate (Lopez and 
Narins 1991).  Future studies of the effects of temperature on male and female responses 
to calls should be carried out to determine if mismatches in body size and temperature 
have affected inter- or intrasexual communication at high elevations in Hawaii. 
The two high elevation populations in Hawaii were discovered and probably 
established within 10 years of the initiation of this study.  The generation time for E. 
coqui is approximately eight months (Townsend and Stewart 1994); therefore, these high 
elevation populations have had at most 15 generations to respond to the high elevation 
environment.  If the cline in call parameters is beneficial in Hawaii, with female response 
correlated with call parameters, then plasticity may have facilitated the expansion of E. 
coqui into high elevations in Hawaii.  Alternatively, if mismatches in communication 
signals and auditory systems exist, then frogs at higher elevations in Hawaii may be 
poorly adapted to their local environment.  This alternative explanation may be important 
because, if true, it suggests that E. coqui may have reduced fitness at high elevations than 
at lower elevations.  Higher elevations are the areas being invaded that are of greatest 
concern (Beard and Pitt 2005).  A reduction in fitness at higher elevations may explain, in 
part, why high elevation populations have not been as successful as low elevation  
populations in Hawaii. 
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TABLE 3.1.  Study populations including range, site, abbreviation, elevation, sample sizes, latitude and longitude coordinates, 
temperature at the time of recording, and mean population body size (SVL) of male Eleutherodactylus coqui Hawaii and Puerto Rico 
in the field. 
 
Range Site Abbreviation 
Elevation 
category 
Elevation 
(m) n Latitude (N) Longitude (W) 
Temp 
(°C) 
Mean SVL for 
males (mm)* 
Hawaii Hilo HH High 766 10 19º 28'49  155º 09'29  20.5    29.1ab 
  HL Low 192 10 19º 28'58  154º 54'10  23.0    27.9bc 
 Kona KH High 952 10 19º 42'25  155º 56'57  18.5    30.7g 
  KL Low 265 10 19º 38'01  155º 57'38  22.0    28.5bc 
Puerto Rico Cayey CYH High 865 10 18º 06'53   66º 04'47 21.0    35.8e 
  CYL Low 232 10 18º 04'20   66º 04'20 24.5    28.3bc 
 El Yunque EYH High 714 10 18º 17'54   65º 47'15 21.5    39.8d 
  EYL Low 198 10 18º 20'01   65º 45'38 24.5    31.2g 
 Guilarte GH High 995 10 18º 08'36   66º 44'00 20.5    32.8f 
  GL Low 150 5 18º 04'24   66º 48'05 26.0    28.4abc 
 Rio Abajo RAH High 714 10 18º 12'59   66º 44'51 24.0    32.9f 
  RAL Low 80 10 18º 21'28   66º 41'02 25.5    30.0ag 
 Toro Negro TNH High 978 10 18º 11'12   66º 29'36 19.5    34.2f 
    TNL Low 241 10 18º 06'57   66º 34'29 25.5    27.5c 
* Numbers followed by the same lower case letter are not significantly different for SVL when using post-hoc means test comparisons at P 
< 0.05. 
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TABLE 3.2.  The fixed effects of range, site nested within range, and elevation on body size and call parameters of Eleutherodactylus 
coqui from Hawaii and Puerto Rico in the field. 
 
Source df F P  Source df F P 
Body Size (mm)     Call Duration (ms)    
   Range 1,121 113.17 <0.0001     Range 1,121 91.70 <0.0001 
   Site (Range) 5,121 29.02 <0.0001     Site (Range) 5,121 6.33 <0.0001 
   Elevation 1,121 225.66 <0.0001     Elevation 1,121 537.50 <0.0001 
   Range x Elevation 1,121 58.91 <0.0001     Range x Elevation 1,121 1.74 0.1892 
   Site (Range) x Elevation 5,121 9.51 <0.0001     Site (Range) x Elevation 5,121 11.35 <0.0001 
Co Frequency (Hz)     Call Rate (calls/min)    
   Range 1,121 0.86 0.3559     Range 1,118 51.93 <0.0001 
   Site (Range) 5,121 16.11 <0.0001     Site (Range) 5,118 5.05 0.0003 
   Elevation 1,121 457.34 <0.0001     Elevation 1,118 33.18 <0.0001 
   Range x Elevation 1,121 24.22 <0.0001     Range x  Elevation 1,118 1.41 0.2377 
   Site (Range) x Elevation 5,121 7.87 <0.0001     Site (Range) x Elevation 5,118 3.73 0.0036 
Qui Frequency (Hz)     Call Intensity (dB)    
   Range 1,121 6.50 0.0120     Range 1,121 2.25 0.1360 
   Site (Range) 5,121 9.97 <0.0001     Site (Range) 5,121 1.42 0.2232 
   Elevation 1,121 507.32 <0.0001     Elevation 1,121 0.31 0.5776 
   Range x Elevation 1,121 12.50 0.0006     Range x Elevation 1,121 1.74 0.1902 
   Site (Range) x Elevation 5,121 10.87 <0.0001     Site (Range) x Elevation 5,121 1.87 0.1047 
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TABLE 3.3.  ANCOVAs with SVL as a covariate, for the fixed effects of range, site nested 
within range, and elevation on Co and Qui of Eleutherodactylus coqui from Puerto Rico and 
Hawaii in the field. 
 
Source df F P 
Co Frequency (Hz)    
   Range 1,113 26.40 <0.0001 
   Site (Range) 5,113 5.44   0.0002 
   Elevation 1,113 86.52 <0.0001 
   Range x Elevation 1,113 2.82   0.0959 
   Site (Range) x Elevation 5,113 3.73   0.0037 
   Snout-vent length 1,113 41.96 <0.0001 
Qui Frequency (Hz)    
   Range 1,113 1.32   0.2533 
   Site (Range) 5,113 2.85   0.0182 
   Elevation 1,113 96.79 <0.0001 
   Range x Elevation 1,113 0.75   0.3879 
   Site (Range) x Elevation 5,113 6.19 <0.0001 
   Snout-vent length 1,113 20.30 <0.0001 
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TABLE 3.4.  Samples used in the laboratory including range, site, temperature, sample sizes, and 
mean SVL of Eleutherodactylus coqui from Hawaii and Puerto Rico in the laboratory. 
 
Range Site 
Temperature 
(°C) n 
Mean SVL 
males (mm)* 
Hawaii Hilo High 19   4 31.8ab 
  25   7 31.5ab 
 Hilo Low 19   4 31.9ab 
    25 10 30.6b 
Puerto Rico El Yunque High 19   4 42.4c 
  25   6 42.5c 
 El Yunque Low 19   5 36.4d 
  25   7 34.4e 
 Rio Abajo High 19   2 35.4de 
  25   5 37.4d 
 Rio Abajo Low 19   2 31.9ab 
  25 10 32.9a 
* Numbers followed by the same lower case letter are not significantly 
different for SVL when using post-hoc means test comparisons at  
P < 0.05. 
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TABLE 3.5.  ANOVAs for the effects of site, elevation and temperature on mating calls of 
Eleutherodactylus coqui from Hawaii and Puerto Rico in the laboratory. 
 
Source df F P 
Co Frequency (Hz)    
  Site 2,54 30.26 <0.0001 
  Elevation 1,54 35.47 <0.0001 
  Temperature 1,54 7.42 0.0087 
  Site x Elevation 2,54 4.72 0.0129 
  Site x Temperature 2,54 0.32 0.7241 
  Elevation x Temperature 1,54 0.16 0.6867 
  Site x Elevation x Temperature 2,54 1.92 0.1568 
Qui Frequency (Hz)    
  Site 2,54 46.51 <0.0001 
  Elevation 1,54 59.03 <0.0001 
  Temperature 1,54 11.78 0.0012 
  Site x Elevation 2,54 12.37 <0.0001 
  Site x Temperature 2,54 0.73 0.4854 
  Elevation x Temperature 1,54 0.57 0.4516 
  Site x Elevation x Temperature 2,54 1.08 0.3466 
Call Duration (ms)    
  Site 2,54 15.61 <0.0001 
  Elevation 1,54 0.57 0.4520 
  Temperature 1,54 56.75 <0.0001 
  Site x Elevation 2,54 3.95 0.0250 
  Site x Temperature 2,54 0.10 0.9007 
  Elevation x Temperature 1,54 0.00 0.9498 
  Site x Elevation x Temperature 2,54 7.42 0.0014 
Call Rate (calls per minute)    
  Site 2,54 3.15 0.0510 
  Elevation 1,54 0.58 0.4486 
  Temperature 1,54 32.43 <0.0001 
  Site x Elevation 2,54 1.40 0.2543 
  Site x Temperature 2,54 3.00 0.0580 
  Elevation x Temperature 1,54 0.21 0.6475 
  Site x Elevation x Temperature 2,54 1.37 0.2634 
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TABLE 3.6.  The proportion of variance (partial R2) explained by temperature, body size (SVL), 
and their combined effects for Eleutherodactylus coqui from Hawaii and Puerto Rico in the 
laboratory.   
 
    Partial R2   
Variable 
Co Frequency 
(Hz) 
Qui Frequency 
(Hz) 
Rate  
(calls min-1) 
Duration  
(ms) 
Temperature 0.05 0.04 0.34 0.33 
SVL 0.44 0.63 0.03 0.07 
Temperature + SVL 0.04 0.05 0.03 0.07 
  
74 
 
 
Figure 3.1. Map of study sites in Hawaii.  Symbols follow table 3.1.
KH 
KL 
HH 
HL 
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Figure 3.2.  Map of study sites in Puerto Rico.  Abbreviations follow to table 3.1.  
EYL 
EYH 
TNH 
GH 
TNL 
RAH 
RAL 
CH CL 
GL 
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Figure 3.3.  The relationships between adult body size (SVL) and (A) range and elevation and (B) site and elevation for male 
Eleutherodactylus coqui in Hawaii and Puerto Rico (means ± 1 SE).
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Figure 3.4. The relationships between (A, B) mean Co and (C, D) mean Qui frequencies and (A, C) range and elevation and (B, D) site 
and elevation in Hawaii and Puerto Rico (means ± 1 SE).
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Figure 3.5. The relationships between (A, B) call duration and (C, D) call rate and (A, C) range and elevation and (B, D) site and 
elevation in Hawaii and Puerto Rico (means ± 1 SE). 
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Figure 3.6.  The effect of (A, C, E, G) site and elevation and (B, D, F, H) temperature on 
(A) Co and (C) mean Qui frequencies (E) call rate, and (G) call duration (means ± 1 SE) 
of Eleutherodactylus coqui from Hawaii (Hilo) and Puerto Rico (El Yunque and Rio 
Abajo) in the laboratory (means ± 1 SE). 
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CHAPTER 4 
COLOR PATTERN INHERITANCE AND VARIATION IN NATIVE AND 
 INTRODUCED POPULATIONS OF ELEUTHERODACTYLUS COQUI 
Introduction 
 A major goal of evolutionary biology is to understand the origin and maintenance 
of polymorphisms in natural populations.  Phenotypic polymorphisms can be maintained 
within populations by several forms of balancing selection including heterosis, 
temporally variable selection, frequency or density-dependent selection (Ford 1975), or 
genetic correlations between traits (Brodie 1989).  Alternatively, divergent selection may 
eliminate polymorphisms within populations, by favoring certain phenotypes within a 
population.  Gene flow between divergently adapted populations may result in the 
presence of polymorphisms despite strong selection against come alleles.  Distinguishing 
between neutrality, balancing selection, and gene flow is necessary to understanding the 
roles of adaptive and non-adaptive processes on the maintenance of phenotypic variation 
in natural populations. 
The locus comparison approach (sensu Hoffman et al. 2006) has become an 
important tool in differentiating between adaptive and non-adaptive mechanisms for 
polymorphism maintenance. This method uses measures of population genetic 
differentiation (e.g., FST and its analogs) of putatively neutral loci as a null distribution of 
drift and migration on which other traits may be tested for selection (Cavalli-Sforza 1966; 
Lewontin and Krakauer 1973).  Significant differences in FST between the test locus and 
neutral loci may indicate both the presence and nature of selection.  For example, higher 
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FST scores for the test locus indicate local divergent selection, whereas lower FST scores 
indicate global common selection.  When FST scores are not different between neutral and 
test loci, the null hypothesis of drift and migration cannot be rejected.  Several studies 
have used the locus comparison approach to test for selection on color and pattern 
polymorphisms.  These studies have provided evidence of balancing selection in spiders 
(Gillespie and Oxford 1998) and local adaptation with gene flow in mice (Hoekstra et al. 
2004).  Alternatively, the hypothesis of drift was not rejected for a color polymorphism in 
frogs, suggesting that this variation may be selectively neutral (Hoffman et al. 2006). 
Colors and color patterns have been the focus of much research on phenotypic 
variation because they are often polymorphic and widely thought to be the targets of 
selection (Poulton 1890; Owen 1980).  For example, colors and color patterns have been 
shown to be important for sexual selection (Moris et al. 2003), thermoregulation 
(Forsman et al. 2002), crypsis (Kettlewell 1973; Rosenblum 2004), mimicry (Kapan 
2001), and aposematism (Marples et al. 1994).  Additionally colors and patterns may 
contribute to speciation through the evolution of reproductive isolation (Seehausen et al. 
1999; Kronfrost et al. 2006).  While selection appears to operate on colors and color 
patterns in various ways, we know little about the mechanisms that maintain most color 
and pattern polymorphisms. 
 Frogs show a wide array of color and pattern polymorphisms.  In a recent review, 
Hoffman and Blouin (2000) cited polymorphisms in 225 species representing 35 genera 
and 11 families.  Correlative evidence suggests that colors and color pattern 
polymorphisms are maintained by balancing selection in some species, but no studies 
have ruled out the possible role of gene flow with directional selection.  The terrestrial 
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frog, Eleutherodactylus coqui, exhibits a wide range of colors and patterns, including 
four stripes on its dorsal surface, unstriped morphs, and combinations of stripes, in its 
native range of Puerto Rico (Woolbright 2005; Woolbright and Stewart 2008).  
Woolbright and Stewart (2008) found that stripe pattern frequencies of E. coqui are 
variable across different environments and fluctuate temporally in response to habitat 
changes in the Luquillo Mountains of Puerto Rico.  They suggested that stripe patterns 
are cryptic and maintained in part by local habitat matching and frequency dependent 
selection (FDS) by visual predators.  While it appears that selection is acting on stripe 
patterns in Puerto Rico, little is known about the genetic architecture of stripe patterns or 
the relative importance of selection and gene flow in maintaining color pattern 
polymorphisms across the range. 
 Eleutherodactylus coqui was introduced to Hawaii in the late 1980s (Kraus et al. 
1999).  Evidence from mitochondrial DNA (mtDNA) suggests that populations in Hawaii 
have lower genetic variation than populations in Puerto Rico (Velo-Anton et al. 2007).  
While stripe patterns appear to be genetically determined (Woolbright and Stewart 2008), 
the exact genetic architecture is not known.  The number of loci and alleles may influence 
how founder effects and selection have affected pattern frequencies in Hawaii compared 
with Puerto Rico.  Most research on E. coqui in Hawaii has focused on its population 
biology and the ecological consequences of the invasion (Woolbright et al. 2006; Beard 
2007; Sin et al. 2008,), but little is known about the effects of the introduction on color 
pattern variation. 
In this study, the distribution of stripe patterns across Puerto Rico and Hawaii was 
characterized to determine how these patterns varied across Puerto Rico and whether the 
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introduction into Hawaii has affected phenotypic frequencies.  Additionally, the genetic 
architecture of stripe patterns was determined through breeding trials, providing a model 
to estimate the number of alleles in each population. Finally, the relative effects of 
selection versus drift and migration on the stripe pattern locus in Puerto Rico were tested  
using the locus comparison approach.   
Methods 
Field Sampling 
 Frogs were sampled from 12 populations in Puerto Rico during March and May 
of 2006 and from 15 populations in Hawaii from August 2004 to June 2006 (Table 4.1).  
Locations were chosen to maximize the geographic and elevational coverage across each 
island (Fig. 4.1, 4.2).  At each site, we established 20 X 20 m2 plots divided into four 5-m 
wide transects, following Woolbright (2005).  Plots were located in closed canopy forests 
with moderate to heavy understory of herbaceous and/or woody vegetation.  Beginning at 
dusk, around 1900 h, two people surveyed each transect for 15 minutes, not including 
handling time, for a minimum total of 120 person minutes per plot.  Adult frogs, > 25 
mm (Woolbright 2005), were captured by hand from 1900–1000 h, sexed and scored for 
stripe pattern at the time of capture.  Stripe patterns follow Woolbright (2005), with one 
modification.  Woolbright (2005) described the five patterns we used, but also described 
a spotted pattern, which appears to be a quantitative trait and thus was excluded from this 
study.  The following abbreviations are used for stripe patterns: I = interoccular bar, U = 
unpatterned, N = narrow middorsal stripe, W = wide middorsal stripe, L = dorsolateral 
stripes (Fig. 4.1). 
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 To test for differences in frequencies of stripe patterns among populations within 
Puerto Rico and Hawaii, chi-square tests for homogeneity of proportions were used for 
each range.  Because some cells in the table had counts of less than 5, a Monte Carlo 
estimate (10,000 samples) of an exact test was used in SAS 9.1 (2002-2003, SAS 
Institute Inc., Cary, NC, USA). Individuals with combinations of color patterns (n = 14) 
were excluded from all chi-square tests because these were absent from several 
populations.  For populations in Puerto Rico, we tested heterogeneity of stripe 
frequencies among all populations simultaneously as well as among populations within  
major clades found in Velo-Antón et al. (2007). 
Mode of Inheritance for Color Patterns 
 Controlled breeding experiments were conducted to determine the mode of 
inheritance for stripe patterns.  Frogs were collected for this experiment in Puerto Rico 
and Hawaii in 2006 and brought back to the laboratory at Utah State University.  Stripe 
patterns for all adult frogs were recorded, and frogs were individually marked using toe-
clipping.   
Adult animals were established in mixed sex pairs and housed in half of a 37.85-L 
terrarium using corrugated plastic board as a divider.  Terrariums included 1-2 cm of 
moist sphagnum moss, two 10 cm lengths of PVC pipe (diameters: 2.54 cm and 3.81 cm), 
half of a 0.47-L plastic cup (cut lengthwise), and a potted plant (Pothos sp.).  Relative 
humidity inside the terraria was maintained at levels greater than 95%.  Ambient room 
temperature was maintained at 25°C.  The photoperiod was maintained at a constant 
12L:12D.  Frogs were fed vitamin-dusted crickets ad libidum.  
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Terraria were checked daily for clutches and all eggs were removed and placed in 
Petri dishes (95 mm diameter) with moist paper towels.  When clutches were removed, 
stripe patterns of adults were recorded.  The Petri dishes were watered and checked every 
two days.  Infertile eggs or eggs showing evidence of fungal infection were removed 
from clutches.  Five to seven days after hatching, juvenile frogs were moved to individual 
Petri dishes (95 mm diameter) lined with moist paper towel and sphagnum moss, and fed 
Collembola every other day.  Frogs were scored for stripe patterns one week from 
hatching date and confirmed after one month. 
 To compare the results of our crosses with expected values under multiple 
inheritance models, chi-square tests were used.  Specifically, the dominance hierarchy 
among pairs of alleles, X-chromosome linkage, and a single vs. two-locus model of 
inheritance were tested.  Throughout the text, the same letters were used to abbreviate 
phenotypes and their alleles (see results), but alleles are written in italics.  The number of 
alleles in each population in Puerto Rico and Hawaii was estimated using the phenotypic  
data from the field and the model of inheritance from the breeding experiment. 
Comparison of mtDNA and Stripe Pattern Alleles 
 To determine the extent of population differentiation in Puerto Rico under a null 
distribution of drift and migration, published mtDNA sequences (646 bp of cyt b) of E. 
coqui (Velo-Antón et al. 2007) were used (Table 4.4).  Population distributions were 
similar between our studies (Fig. 1,Velo-Antón et al. 2007; Fig. 4.2, this study); therefore 
both are expected to provide reasonable estimates of island-wide population 
differentiation with their respective loci.  Sequences were downloaded from Genbank 
(accession nos. available in Velo-Antón et al. 2007).  Populations with a single 
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representative sequence were excluded because these do not contribute to within 
population estimates of variance. The remaining sequences (n = 74) from 12 populations 
(x = 6) across Puerto Rico were analyzed in an AMOVA framework to estimate φST (an 
analog of FST) as a measure of neutral population genetic differentiation.   
The AMOVA analyses were conducted in two ways.  First, all the data were 
analyzed as groups separated into the two clades found in Velo-Antón et al. (2007), 
which measured variation across the island, while maintaining information about the 
major phylogeographic structure.  Second, each clade was analyzed separately with no 
grouping, which measured variation within major clades.  Statistical significance was 
determined by estimating confidence intervals (20,000 bootstrap replicates across all 
nucleotides) around φST using Arlequin 3.1 (Excoffier et al. 2005). 
 To test the level of population differentiation in the stripe pattern locus, patterns 
were scored as dominant loci based on phenotypes in the field.  This method avoided the 
assumptions of Hardy-Weinberg equilibrium, but frogs with multiple color pattern 
elements (n=14) were excluded from this analysis.  These data were analyzed using 
Arlequin 3.1 under the same AMOVA designs as those used for the mtDNA. 
 Because mtDNA are maternally inherited in vertebrates, and the stripe pattern 
locus is nuclear (see results), the φST values for these types of data are expected to be 
different.  But as Birky et al. (1989) demonstrated, under the island mode and at 
equilibrium, nuclear and mitochondrial values for GST (an analogue of φST) are equal 
when 2Nem = Nfmf, where Ne is the number of mating individuals (Nf is the number of 
females) in each subpopulation, and m is proportion of migrants (mf is the proportion of 
female migrants) in each subpopulation in each generation. From this we can calculate 
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the expected φST for mitochondrial data given a value from nuclear data using the 
equation:  
Expected φST(mt) ≈  1 / [1 + (1 - φST(nDNA)) / 4φST(nDNA)].   
Analogous methods have been used to compare organellar DNA with nuclear DNA in 
plants (Ennos 1994; McCauley 1994; Latta and Mitton 1997) and animals (Lynch et al. 
1999; Hoekstra et al. 2004). 
 To compare mtDNA with autosomal DNA, using the above equation, the 
following assumptions must be met: the species is diploid and only reproduces sexually, 
the operational sex ratio and migration rates are equal among sexes, and mitochondria are 
homoplasmic and strictly uniparentally inherited.  These assumptions were addressed by 
reviewing the literature on mtDNA and E. coqui. Mitochondrial DNA is usually 
maternally inherited and homoplasmic in vertebrates, but exceptions are known (Birky 
1978, 2001).  Eleutherodactylus coqui is a diploid (Bogart 1981) sexually reproducing 
species.  Sex ratios of E. coqui in Puerto Rico do not to differ from 1:1 (Stewart 1985).  
Differences in migration rates between male and female E. coqui are not known.  
Dispersal, in general, is likely to be low, because adult annual survivorship is very low 
(<5%) (Stewart and Woolbright 1996), males have small (5–8 m) home ranges 
(Woolbright 1985) and often stay in the same 5 x 5-m2 areas throughout life (Woolbright 
1996).  Nightly movements of males average 3-5 m (Woolbright 1985); although, they 
have been found to home up to 100 m (Gonser and Woolbright 1995).  Juvenile and 
subadult nightly movement appears to be even less than adult movement (Gonser 1996).  
E. coqui undergoes direct larval development (Townsend and Stewart 1985), which  
eliminates an aquatic phase that could promote dispersal.   
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Results 
Phenotypic Variation in the Field 
 A total of 2254 frogs were scored for stripe patterns in the field.  All stripe 
patterns occur in both male and female frogs.  The most common phenotype in Hawaii 
and Puerto Rico was unstriped (U).  Four stripe patterns and the unstriped morph were 
present in seven of 12 populations in Puerto Rico, but all Hawaii populations have no 
more than two color patterns (Fig. 4.2).  While all populations but one in Hawaii were 
polymorphic for unstriped (U) and narrow middorsal stripe (N), one population in Maui 
(Maliko Gulch) was polymorphic for unstriped (U) and interoccular bar (B).  Individuals 
with multiple stripe patterns were rare in Puerto Rico, but some were present in seven of 
12 Puerto Rico populations.  All stripe patterns occur in similar proportions within major 
clades in Puerto Rico (eastern: P = 0.62; western:  P = 0.34), but across clades there may 
be a difference in proportions (P = 0.056).  Proportions of stripe patterns between Hawaii  
populations were highly heterogeneous (P < 0.0001). 
Stripe Pattern Inheritance 
 Stripe patterns were scoreable within one week of hatching and did not change 
after one month.  A total of 414 offspring from 20 crosses were used to test 49 
hypotheses about dominance hierarchy, number of loci, and autosomal vs. X-linkage 
(Tables 4.2 and 4.3).  Cross numbers 1 and 2 (Table 4.2) were between parents with 
identical stripe patterns (N and L, respectively) and yielded offspring at 3:1 (L:U or N:U) 
ratios.  This ratio is only consistent with a single autosomal locus, allele u recessive to L 
and N, and both parents heterozygous.  Cross 3 (Table 4.2) between an unpatterned (U) 
  
89
male and a two patterned (N and L) female yielded offspring at a 1:1 (L:N) ratio.  Given 
that L, N, and u are autosomal, and u is recessive to L and N, (from crosses 1 and 2) this 
ratio was only consistent with L and N as codominant alleles at a single autosomal locus.  
Using this information, we tested hypotheses about the inheritance of two other patterns 
(Table 4.3).  Cross 4 between an unpatterned (U) male and a two-patterned (B and N) 
female yielded offspring at a 1:1 (B:N) ratio.  This ratio was only consistent with a single 
autosomal locus, u recessive to B, and B codominant with N.  Cross 5 between a two-
patterned male (L and W) and an unpatterned female (U) yielded offspring at a 1:1 ratio.  
This ratio was only consistent with a single autosomal locus, u recessive to W, and L 
codominant with W.  
 While none of the crosses directly test for multiple loci for the combinations W 
and B, L and B, or N and W, the conclusion that these are multiple alleles at a single locus 
can be deduced from combinations of other crosses.  For example, cross 3 demonstrates 
that L and N are the same locus, and cross 4 demonstrates that N and B are the same 
locus; therefore, therefore L and B must also be the same locus.  Given a single locus 
model for all patterns, the presence of more than one stripe pattern on a single frog 
provides evidence of codominance. 
 Based on the model of inheritance and the phenotypic data in the field, Puerto 
Rican populations had a mean of 4.3 (± 0.2 SE) alleles per population, whereas Hawaiian 
populations had a mean of 2 (± 0.0 SE) alleles per population.  The alleles that were 
present in Puerto Rico but absent from all Hawaii samples were wide middorsal stripe 
(W) and dorsolateral stripe (L).  All populations in Hawaii are polymorphic for the alleles  
N and u except Maliko Gulch, which is polymorphic for the alleles B and u. 
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Comparison of mtDNA with the Stripe Pattern Locus 
 Estimates of φST in Puerto Rico were larger for mtDNA than for the stripe pattern 
locus (Table 4.5; Fig. 4.3).  Across all populations, grouped by major clades, the 
equivalent φST(mt) for the stripe pattern locus (0.12) is outside the 99.9% confidence 
interval of observed φST estimated directly from mtDNA (LCI = 0.81; UCI = 0.91).  
Among populations within major clades, the expected φST(mt) for stripe patterns in the 
eastern clade (0.02) and western clade (0.05), were both outside the 99% confidence  
interval for mtDNA (eastern: LCI=0.41, UCI=0.60; western: LCL=0.27, UCL=0.67).  
Discussion 
 Eleutherodactylus coqui shows a wide variety of stripe patterns across its native 
range.  Up to five unique stripe patterns and combinations of stripes were observed in 
most populations in Puerto Rico.  Frequencies of stripe patterns are similar between 
populations within major clades, but may differ between eastern and western clades.  
Woolbright and Stewart (2008) found significant differences in pattern frequencies 
between different populations within the Luquillo Mountains of eastern Puerto Rico.  
Specifically they found that longitudinal stripe patterns (our W and N) are more common 
in grasslands and disturbed areas, whereas spot (which we did not include) and 
interoccular bar (our B) are more common in forests. Our study plots in Puerto Rico were 
restricted to forested areas; therefore, we did not compare between grasslands or 
disturbed areas and forests.  Additionally they found differences between plots in similar 
forest habitats, but we did not.  Differences in spatial and temporal scale may explain 
differences between our studies.  Woolbright and Stewart (2008) sampled over a longer 
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temporal, but smaller spatial scale than this study.  The scale of our sampling was over a 
larger spatial scale, but no temporal scale.  This sampling was more similar to that used 
by Velo-Anton et al. (2007), whose data we used to test for selection. 
 Hawaiian populations of E. coqui had fewer alleles and subsequently fewer stripe 
patterns than populations in Puerto Rico.  This reduction of phenotypic and genotypic 
variation and increased heterogeneity may be the result of founder effects during the 
initial introduction and subsequent range expansion, drift following the introduction, or 
differential selection on stripe patterns following the introduction. If the loss of alleles in 
Hawaii is the result of founder effects, then the presence of the interoccular bar at Maliko 
Gulch may indicate a separate introduction.  This population was not included in Velo-
Anton et al. (2007); therefore, the origin of this population is not known.  Additionally, 
the presence of the unique, for Hawaii, polymorphism at Maliko Gulch suggests that 
there is limited gene flow between this and other populations.  If Maliko Gulch has a 
different genetic background than other populations in Hawaii, gene flow between this 
population and others may increase genetic diversity and subsequently adaptive potential 
of E. coqui in Hawaii.  Further genetic research on the origin of Maliko Gulch and other 
Hawaiian populations is needed to determine whether this is the result of a separate 
introduction and to determine the extent of founder effects at other loci.  Additionally, 
because stripe patterns are under selection in Puerto Rico, future studies should test for 
selection on these patterns in Hawaii. 
 Laboratory crosses indicated a genetic basis for color patterns in E. coqui.  
Specifically, the only model consistent with the data was a single autosomal locus with 
five alleles, all stripe alleles codominant with each other and the allele for unpatterned, u, 
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universally recessive. The field data are consistent with this hypothesis.  No frogs were 
found in nature or in our crosses with more than two stripe patterns.  Because E. coqui is 
known to be diploid (Bogart 1981), this is consistent with multiple codominant alleles at 
a single locus.  Multiple stripe patterns appear on frogs of both sexes, further confirming 
that the single locus for color patterns is not sex linked.  This result is similar to other 
studies on amphibians where dominance of alleles for stripes has also been found, for 
example, in frogs of the genera Acris (Pyburn 1961), Discoglossus (Lantz 1947), 
Eleutherodacylus (Goin 1947, 1950, 1960), Rana (Moriwaki 1953; Browder et al. 1966; 
Ishchenko and Schupak 1974) and as well as in the salamander, Plethodon cinereous 
(Highton 1959).  To our knowledge there are no studies in which the stripe patterns of 
frogs were shown to be recessive to absence of stripes. 
 In Puerto Rico, E. coqui exhibits other color and pattern polymorphisms including 
a variety of patterns and pigments (e.g. red color on the inner thigh, lighter colored snout, 
a light colored X on the back, and leg stripes) (Woolbright and Stewart 2008) that we did 
not study.  Future work on color patterns in this species should include determining the 
genetic architecture of these traits and their maintenance across populations. 
 The presence of stripe patterns in E. coqui shows no ontogenetic change over the 
first month of development, although subtle changes in pigment of background color and 
stripes sometimes occur.  Ontogenetic change in the presence of similar stripe patterns 
has not been reported in other frogs (reviewed in Hoffman and Blouin 2000), but color 
pigments within stripes often change between juvenile and adult stages of Acris crepitans 
(Gray 1972).  Stripe patterns are not sexually dimorphic in E. coqui.  Most stripe patterns 
in other species of frog are not sexually dimorphic (reviewed in Hoffman and Blouin, 
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2000), but sexual dimorphism of dorsolateral stripes does occur in Hyla bokermanni and 
H. luteocellata (Rivero 1969). 
 Stripe pattern frequencies are remarkably similar across Puerto Rico.  The results 
here indicate that selection, rather than gene flow is maintaining stripe patterns across 
Puerto Rico.  This conclusion stems from the differences between φST estimated from 
mtDNA, which served as a null model of drift and migration, and the stripe pattern locus.  
The large φST for mtDNA across both clades in Puerto Rico is consistent with the 
previous phylogeographic interpretation of the same mtDNA, which shows a deep 
divergence between eastern and western clades that is estimated to have occurred in the 
Pleistocene or Pliocene (Velo-Antón et al. 2007).  In contrast, the low equivalent φST(mt) 
for the stripe pattern locus, within and across major clades, indicates the degree of 
population differentiation is much less for the stripe pattern locus than for mtDNA.  
Because variation in mtDNA is generally thought to be the result of drift and migration, 
lower φST scores for the stripe pattern locus suggests that stripe pattern frequencies in 
different populations in Puerto Rico are maintained by balancing selection rather than 
gene flow. 
 The exact mechanisms by which selection acts on stripe patterns in E. coqui are 
not clear.  Woolbright and Stewart (2008) suggested that stripe pattern polymorphisms in 
E. coqui are maintained through habitat matching but may also be affected by frequency 
dependent selection (FDS).  FDS is frequently invoked to explain color and pattern 
polymorphisms in other species and model-based approaches tend to confirm the 
potential for FDS to maintain polymorphisms in general.  Trotter and Spencer (2007) 
showed, using pairwise interaction models of selection via intraspecific competition, that 
  
94
FDS maintains polymorphisms more often than constant-selection models and produces 
more skewed phenotypic frequencies with few common alleles and many rare alleles.  
Additionally Clarke (1964) and Clarke and O'Donald (1964) demonstrated that the 
occurrence of rare dominants could result from the action of FDS or a combination of 
frequency dependent and frequency independent selection.  We found skewed allele 
frequencies with rare codominant alleles compared with a common universal recessive.  
The results of this chapter are consistent with the models above.  I found five alleles with 
a single allele most common and 4 rare alleles, and I found that the rare allele was 
recessive, but we cannot rule out other factors including local habitat matching, genetic 
correlations with other traits, or heterosis. The pattern of rare dominant alleles in color 
and pattern polymorphisms has also been found in fish (Winge 1927), locusts (Haldane 
1930), land snails (Fisher 1930), spiders (Gillespie and Oxford 1998), and at least six 
species of frog (Hoffman and Blouin 2000).  This pattern appears to be widespread 
among polymorphic species, but how often FDS explains this pattern has yet to be  
determined. 
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Table 4.1.  Populations of Eleutherodacylus coqui sampled in this study.  Sample sizes, clade association (estimated using Velo-Anton 
et al., 2007), elevation, detailed locality data, and date sampled. 
Range Site Island 
Site 
Abbreviation n Clade* 
Elevation 
(m) Latitude (N) Longitude (W) Date Sampled 
Hawaii Akaka Falls State Park Hawaii AK 99 - 405 19º 51' 155º 09' Nov-06 
 Glenwood Hawaii GW 119 E 766 19º 28' 49 155º 09' 29 Jun-06 
 Humane Society Hawaii HS 232 - 135 19º 36' 155º 01' Nov-06 
 Kalopa Hawaii KP 57 - 610 20º 03'  155º 44' Oct-05 
 Kona High Hawaii KH 53 - 952 19º 42' 25 155º 56' 57 Jun-06 
 Kona Low Hawaii KL 47 - 265 19º 38' 01 155º 57' 38 Jun-06 
 Lava Tree State Park Hawaii LT 372 E 192 19º 28' 58 154º 54' 10 Jun-06 
 Manuka State Park Hawaii MK 35 E 560 19º 07' 155º 50' Nov-06 
 Puainako Hawaii PK 322 - 45 19º 42'  155º 04' Nov-06 
 Waipio Overlook Hawaii OL 130 - 300 20º 07' 155º 35' Nov-06 
 Lawai Kauai LW 32 - 130 21º 55' 159º 30' Jun-07 
 Kihei Nursery Maui MKN 43 - 15 20º 44'  156º 27' Aug-04 
 Maliko Gulch Maui MMG 113 - 440 20º 52'  156º 19' Aug-04 
 Waimanalo Nursery Oahu CAL 24 - 15 21º 34' 157º 72 Feb-07 
 Hawaii Hai Nursery Oahu LH 22 - 30 21º 30' 157º 69 Feb-07 
Puerto Rico Cayey High Puerto Rico CH 26 E 865 18º 06' 53   66º 04' 47 May-06 
 Cayey Low Puerto Rico CL 28 E 232 18º 04' 20   66º 04' 20 May-06 
 El Yunque High Puerto Rico EYH 58 E 714 18º 17' 54   65º 47' 15 May-06 
 El Yunque Low Puerto Rico EYL 113 E 198 18º 20' 01   65º 45' 38 May-06 
 Guilarte High Puerto Rico GH 59 W 995 18º 08' 36   66º 44' 00 May-06 
 Guilarte Low Puerto Rico GL 16 W 150 18º 04' 24   66º 48' 05 May-06 
 Los Piedras Puerto Rico LP 36 E 117 18º 10' 26   65º 53' 04 May-06 
 Maricao Puerto Rico MA 42 W 315 18º 10' 52   67º 01' 28 Mar-06 
 Rio Abajo High Puerto Rico RAH 51 W 714 18º 12' 59   66º 44' 51 May-06 
 Rio Abajo Low Puerto Rico RAL 64 W 80 18º 21' 28   66º 41' 02 May-06 
 Toro Negro High Puerto Rico TNH 32 W 978 18º 11' 12   66º 29' 36 May-06 
  Toro Negro Low Puerto Rico TNL 29 W 241 18º 06' 57   66º 34' 29 May-06 
*Clade based on geographic overlap with eastern and western clades in Velo-Anton et al., 2007. 
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Table 4.2.  Results from crosses testing dominance heirarchy, sex linkage, and number of loci for the alleles: u (unpatterned), L 
(dorsolateral stripes), and N (narrow middorsal stripe). 
 
Cross 
No. 
Parntal 
Phenotypes 
No. of 
clutches U N L Total 
Dominance 
Hypothesis 
No. 
of 
loci 
Autosomal 
vs.  
X-linked 
Parental 
Genotypes 
Expected 
Phenotypic 
Ratio 
Observed 
Phenotypic 
Ratio x21 P1 
1 N X N 13 60 181 - 241   
autosomal 
Nu x Nu 
N:U 
3:1 3.02:1 0.001 0.9700 
       
N > u single 
NN x NN 
N:U 
4:0 3.02:1 NA NA 
       NN x Nu 
N:U 
4:0 3.02:1 NA NA 
       
x-linked X
NXu x XNY 
N:U 
1:1 3.02:1 60.750 <0.0001 
              XNXN x XNY 
N:U 
4:0 3.02:1 NA NA 
2 L X L 1 5 - 18 23     
autosomal 
Lu x Lu 
L:U 
1:3 1:3.6 0.130 0.7200 
       
L > u single 
LL x LL 
L:U 
4:0 1:3.6 NA NA 
       LL x Lu 
L:U 
4:0 1:3.6 NA NA 
       
x-linked X
LXu x XLY 
L:U 
1:1 1:3.6 7.348 0.0067 
              XLXL x XLY 
L:U 
4:0 1:3.6 NA NA 
3 U X NL 4 0 46 40 86 L = N > u single autosomal uu x LN 
L:N 
1:1 1:1.03 0.017 0.9000 
       
L > u 
N > u two autosomal 
uuuu x LuNu 
LN:L:N:U 
1:1:1:1 0:1:1.03:0 29.534 <0.0001 
       uuuu x LLNN 
LN:L:N:U 
1:0:0:0 0:1:1.03:0 NA NA 
       uuuu x LuNN 
LN:L:N:U 
1:0:1:0 0:1:1.03:0 NA NA 
              uuuu x LLNu 
LN:L:N:U 
1:1:0:0 0:1:1.03:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible. 
  
103 
Table 4.3.  Results from crosses testing dominance heirarchy, sex linkage, and number of loci for the alleles: u (unpatterned), B 
(interoccular bar), L (dorsolateral stripes), and N (narrow middorsal stripe). 
      F1 phenotypes                   
Cross 
no. 
Parental 
phenotypes   
M x F 
No. of 
clutches U B L N W 
Total 
F1s 
No. 
of 
Loci 
Autosomal vs. 
X-linked 
Allelic 
Dominance 
Heirarchy 
Parental 
Genotypes 
Expected 
Phenotypic 
Ratio 
Observed 
Phenotypic 
Ratio x21 P1 
4 U X BN 1 0 14 - 10 - 24 
One Autosomal 
u < B = N uu x BN BN:B:N:U 0:1:1:0 0:1.4:1:0 0.67 0.4100 
         U > B 
B = N 
N > U 
BU x BN BN:B:N:U 1:1:1:1   0:1.4:1:0 13.30 <0.0001 
             UU x BN BN:B:N:U 0:0:1:1 0:1.4:1:0 NA NA 
         
 
Both 
autosomal 
U > b 
N > u 
UUuu x 
bbNN 
BN:B:N:U 
0:0:1:0 0:1.4:1:0 NA NA 
          
UUuu x 
bbNu 
BN:B:N:U 
0:0:1:1 0:1.4:1:0 NA NA 
         
Two 
Ubuu x 
bbNN 
BN:B:N:U 
1:0:1:0 0:1.4:1:0 NA NA 
         
Ubuu x 
bbNu 
BN:B:N:U 
1:0:1:2 0:1.4:1:0 NA NA 
         
u < B, N 
uuuu x 
BuNu 
BN:B:N:U 
1:1:1:1 0:1.4:1:0 13.33 <0.0001 
        
 
uuuu x 
BBNN 
BN:B:N:U 
1:0:0:0 0:1.4:1:0 NA NA 
         
uuuu x 
BuNN 
BN:B:N:U 
1:0:1:0 0:1.4:1:0 NA NA 
         
uuuu x 
BBNu 
BN:B:N:U 
1:1:0:0 0:1.4:1:0 NA NA 
         
N is autosomal 
B is X-linked 
U > b 
N > u 
AuAuXUY x 
ANANXbXb 
BN:B:N:U 
1:0:1:0 0:1.4:1:0 NA NA 
         
AuAuXUY x 
ANAuXbXb 
BN:B:N:U 
1:1:1:1 0:1.4:1:0 NA NA 
         
u < B, N 
AuAuXuY x 
ANAuXBXu 
BN:B:N:U 
1:1:1:1 0:1.4:1:0 13.33 <0.0001 
         
AuAuXuY x 
ANANXBXB 
BN:B:N:U 
1:0:0:0 0:1.4:1:0 NA NA 
         
 
AuAuXuY x 
ANAuXBXB 
BN:B:N:U 
1:1:0:0 0:1.4:1:0 NA NA 
         
 
AuAuXuY x 
ANANXBXu 
BN:B:N:U 
1:0:1:0 0:1.4:1:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible 
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Table 4.4.  Results from crosses testing dominance hierarchy, sex linkage, and number of loci for the alleles: u (unpatterned), B 
(interoccular bar), L (dorsolateral stripes), and W (wide middorsal stripe). 
      F1 phenotypes                   
Cross 
no. 
Parental 
phenotypes   
M x F 
No. of 
clutches U B L N W 
Total 
F1s 
No. 
of 
Loci 
Autosomal vs. 
X-linked 
Allelic 
Dominance 
Hierarchy 
Parental 
Genotypes 
Expected 
Phenotypic 
Ratio 
Observed 
Phenotypic 
Ratio x21 P1 
5 LW x U 1 0 - 17 - 23 40 
One Autosomal 
u < W = L LW  x uu LW:L:W:U 0:1:1:0 0:1:1.35:0 0.9 0.3400 
         U > W 
W = L 
L >U 
LW x UW LW:L:W:U 1:1:1:1   0:1:1.35:0 29.5 <0.0001 
             LW x UU LW:L:W:U 0:1:0:1   0:1:1.35:0 NA NA 
         
 
Both 
autosomal 
U > w 
L > u 
LLww x 
uuUU  
LW:L:W:U 
0:1:0:0 0:1:1.35:0 NA NA 
         
 
Luww x 
uuUU 
LW:L:W:U 
0:1:0:1 0:1:1.35:0 NA NA 
         
Two 
LLww x 
uuUw 
LW:L:W:U 
1:1:0:0 0:1:1.35:0 NA NA 
         
Luww x 
uuUw 
LW:L:W:U 
1:1:0:2 0:1:1.35:0 NA NA 
         
u < W, L 
LuWu x 
uuuu 
LW:L:W:U 
1:1:1:1 0:1:1.35:0 21.8 <0.0001 
         
LLWW x 
uuuu 
LW:L:W:U 
1:0:0:0 0:1:1.35:0 NA NA 
         
LuWW x 
uuuu 
LW:L:W:U 
1:0:1:0 0:1:1.35:0 NA NA 
         
LLWu x 
uuuu 
LW:L:W:U 
1:1:0:0 0:1:1.35:0 NA NA 
          
U >w 
L > u  
ALALXwY x 
AuAuXUXw 
LW:L:W:U 
1:1:0:0 0:1:1.35:0 NA NA 
          
ALAuXwY x 
AuAuXUXw 
LW:L:W:U 
2:1:0:1 0:1:1.35:0 NA NA 
         
L is autosomal 
W is X-inked 
ALALXwY x 
AuAuXUXU 
LW:L:W:U 
0:1:0:0 0:1:1.35:0 NA NA 
         
ALAuXwY x 
AuAuXUXU 
LW:L:W:U 
0:1:0:1 0:1:1.35:0 NA NA 
         
u < W, L 
ALAuXWY x 
AuAuXuXu 
LW:L:W:U 
1:1:1:1 0:1:1.35:0 21.8 <0.0001 
         
ALALXWY x 
AuAuXuXu 
LW:L:W:U 
1:1:0:0 0:1:1.35:0 NA NA 
1 Where expected values are 0, but observed values were > 0, no statistical tests apply (NA).  These hypotheses are biologically impossible. 
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Table 4.4.  Localities and sample sizes for populations from Velo-Anton et al. (2007) used for 
estimating genetic structure (φST ) from mtDNA in Puerto Rico. 
 
Clade Population n 
Western Cero Punta 6 
 Cerro Maravilla 2 
 Maricao 10 
 Road 149 3 
 Road 149-2 2 
Eastern Bayamon 9 
 Bosque Enano 5 
 El Portal 3 
 El Verde 3 
 La Coca 8 
 Palo Colorado 6 
 Road 191 7 
  San Juan 10 
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Table 4.5.  Results of AMOVA for mtDNA (left) and the color pattern locus (right). 
 
Variation 
Source df SS 
AMOVA 
Variance 
Components 
Total 
Variation 
(%) P φST 
99.9% 
CI  df SS 
AMOVA 
Variance 
Component
s 
Total 
Variation 
(%) P φST 
Equivalent 
φST(mt) 
Grouped by 
clades               
 
Among 
groups 
1 
 
457.67 
 
13.75 
 
71.91 
 
<0.001 
    1 
1.95 
 
0.006 
 
2.23 
 
0.040 
   
Among 
populations 
within groups 
11 
 
 
197.20 
 
 
2.82 
 
 
14.74 
 
 
<0.001 
 
 
0.87* 
 
 
L: 0.81 
U: 0.91* 
  
10 
 
3.85 
 
 
0.003 
 
 
1.07 
 
 
0.500 
 
 
0.033* 
 
 
0.12* 
 
 
Within 
populations 
61 
 
155.76 
 
2.55 
 
13.36 
 
<0.001 
    500 
131.97 
 
0.264 
 
96.69 
 
0.002 
   
Total 73 810.62 19.12      511 137.77 0.273     
Eastern clade                
Among 
populations 7 
 
157.96 
 
3.16 
 
52.87 
 
<0.001 
 
0.53 
 
L: 0.41 
U: 0.60  4 
1.12 
 
0.001 
 
0.61 
 
0.240 
 
0.006 
 
0.02 
 
Within 
populations 
43 
 
121.26 
 
2.82 
 
47.13 
     220 
48.76 
 
0.222 
 
99.39 
    
Total 50 279.22 5.98      224 49.88 0.223     
Western 
clade                
Among 
populations 4 
 
39.24 
 
1.93 
 
50.19 
 
<0.001 
 
0.50 
 
L: 0.27 
U: 0.67  6 
2.73 
 
0.004 
 
1.30 
 
0.080 
 
0.013 
 
0.05 
 
Within 
populations 
18 
 
34.50 
 
1.92 
 
49.81 
     280 
83.21 
 
0.297 
 
98.70 
    
Total 22 73.74 3.85      286 85.93 0.301     
* When grouping, φST value is a function of variance among groups and among populations within groups. 
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FIGURE 4.1.  Color patterns in Eleutherodactylus coqui. 
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Figure 4.2.  Color pattern frequencies in Puerto Rico.  Symbols follow table 4.1. 
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Figure 4.3.  Color pattern frequencies in Hawaii (excluding the Island of Hawaii; see Figure 4.4).  Symbols follow table 4.1. 
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Figure 4.4.  Color pattern frequencies on the Island of Hawaii.  Symbols follow table 4.1. 
 
  
111
 
 
 
 
  
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
All Populations Eastern Western
S
T
mtDNA
Color
 
 
 
Figure 4.5.  Population genetic structure in mtDNA and the color pattern locus.  Means ± 
99.9% CI. 
  
112
CHAPTER 5 
CONCLUSIONS 
 The goal of this study was to understand the evolutionary consequences of the 
introduction of Eleutherodactylus coqui to Hawaii.  Evolutionary biologists have recently 
recognized that introduced species can be excellent model systems for the study of 
evolution in action because they can evolve at rapid rates in predictable directions (Huey 
et al. 2005).  History, chance, and adaptation can each play a role in the evolution of a 
species in its introduced range (Keller and Taylor 2008).  Understanding the relative roles 
of these processes is fundamental to understanding the importance of selection vs. 
stochastic processes in introduced species.  The potential for evolutionary change may 
also be important for ecologists and invasive species managers who seek to model range 
expansion of introduced species (Parker et al. 2003).  Only recently have models begun to 
incorporate the potential for evolutionary change in their predictions of range expansion 
in introduced species (e.g. Urban et al. 2003). 
Changes in phenotypic variation that follow a species introduction may be the 
result of genetic changes through founder effects, bottlenecks or, given sufficient time, 
selection.  Alternatively phenotypic changes may be the direct result of environmental 
effects, i.e. phenotypic plasticity.  Distinguishing between these two mechanisms of 
phenotypic change is the first step in understanding the evolution of introduced species 
and has been the focus of the laboratory experiments in this study. 
Eleutherodactylus coqui shows clinal variation in body size and advertisement 
calls, across similar elevational gradients, in both its native and introduced ranges.  These 
patterns were in part consistent with the temperature size rule, which has been shown to 
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apply to the majority of ectotherms (Atkinson 1996).  Alternatively the relationship 
between body size and temperature did not conform to the temperature size rule when 
comparing between Puerto Rico and Hawaii, suggesting that body size is not simply a 
function of temperature for E. coqui. 
Life-history traits including adult body size and growth rate appear to be the result 
of both genetic and environmental effects.  Clutch size and growth rate appear to be 
influenced by genetics rather than maternal effects.  Egg size and hatching size appear to 
be influenced by both genetic and maternal effects.  Development period is largely a 
plastic trait with little if any evidence of local adaptation.  Environmental effects on life-
history traits in E. coqui were in the direction predicted by the temperature size rule and 
may explain all of the phenotypic variation in Hawaii. 
Frequencies of advertisement calls are tightly linked to adult body size and to the 
extent that body size is genetic, so are call frequencies.  Call rate and duration are largely 
the results of temperature.  Color patterns of E. coqui appear to be the result of a single 
locus with multiple alleles, but further studies are needed to determine whether this locus 
is a single gene or a group of tightly linked genes, called a super gene, as seen in the 
genus Heliconius (Joron et al. 2006). 
Overall the results of this study suggest that evolution in Hawaiian populations is 
largely the result of historical selection in Puerto Rico and chance during the introduction 
rather than adaptation after the introduction.  Phenotypic variation in life-history traits 
and advertisement call frequencies in Puerto Rico appear to be the result of local 
adaptation.  This historical pattern of evolution combined with the introduction of low 
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elevation frogs in Hawaii has resulted in a reduction in phenotypic variation across a 
similar elevational gradient in Hawaii. 
 Color patterns in Puerto Rico appear to be the result uniform balancing selection.  
Most color patterns appear in most populations at similar frequencies and genetic 
structure in the color pattern locus is much less than that seen in a putatively neutral 
locus.  Two color patterns appear to have been lost completely either during or shortly 
after the introduction of E. coqui to Hawaii.  Frequencies of color patterns in Hawaii are 
more variable between populations than in Puerto Rico.  This is likely the result of 
numerous founder effects as the species expands it range through dispersal, often 
mediated by humans. 
 Phenotypic variation in Hawaii appears to be the result of both genetic and 
environmental effects.  While it was possible to estimate direct effects of temperature in 
the laboratory, variation by range, site and elevation likely included both genetic and 
environmental effects because adults in the laboratory were raised in the field.  Despite 
this limitation, similarity in genotype, based on mtDNA, of both high and low elevation 
populations at Hilo suggests that differences between these populations are not genetic 
but reflect phenotypic plasticity, both from direct effects and maternal effects. 
 The cline in body size in Puerto Rico is likely the result of temperature effects at 
different elevations and/or from differences in intrinsic growth rates for frogs from 
different elevations.  Whereas the cline in body size in Hawaii is likely the result of the 
temperature size rule with little if any influence from genetics.  The cline in body size in 
both ranges has resulted in a cline in advertisement call frequencies.  Other studies have 
shown evidence of genetic clines that converge on those found in the native range (Huey 
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et al. 2000).  These studies have often been conducted tens of generations after the 
introduction.   This study was conducted about 20 years after the introduction at low 
elevations in Hawaii and high elevation populations are unlikely to have existed for more 
than ten generations.  If the cline in Puerto Rico is an adaptive response to temperature 
differences, then we expect that similar selection will produce a similar cline in Hawaii 
over time.  Additionally, it seems likely selection will favor larger body size at all 
elevations in Hawaii, compared with Puerto Rico, because of the lower temperatures.  
Alternatively other selection pressures (e.g. density) may oppose larger adult body size.  
Further studies of both phenotypic variation and the contribution of genetics to 
phenotypic variation in Hawaii are likely to be important for understanding both the rate 
and repeatability of evolution. 
 While color patterns appear to be under balancing selection in Puerto Rico, the 
mechanism is not clear.  Further testing of the mechanisms by which color patterns are 
maintained in Puerto Rico is needed.  Tests for selection in Hawaii have not been 
performed because populations are recent enough that they may not be in drift migration 
equilibrium.  The population in Maui with the unique (for Hawaii) color pattern 
polymorphism is a good candidate for testing for multiple introductions using molecular 
genetic tools. 
 Our understanding of the evolutionary consequences of the introduction of E. 
coqui to Hawaii would be further improved with data on the fitness consequences of the 
loss of genetic variation in Hawaii.  The results of this study suggest that there is a 
potential for fitness consequences of lower temperatures in Hawaii, especially at high 
elelvations.  These consequences may include both life-history traits as well as 
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advertisement calls.  Overall it is likely that colder temperatures at all elevations in 
Hawaii are having negative effects on E. coqui and are reducing its fitness compared with 
Puerto Rico.  Competition for with other species of frog is almost certainly lower in 
Hawaii because only a few other introduced species exist there.  A potential amphibian  
competitor with E. coqui is  the congener E. planirostris.  
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APPENDIX A 
 
Mean values and standard deviations for adult body size of male and female 
Eleutherodactylus coqui in Hawaii and Puerto Rico  
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Table A.1.  Male body size (mm) in Hawaii and Puerto Rico 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 24 35.66 1.90 
  Low 27 28.73 1.22 
 El Yunque High 31 38.46 1.90 
  Low 49 31.27 1.80 
 Guilarte High 29 32.90 1.35 
  Low 12 28.98 0.91 
 Rio Abajo High 25 32.18 1.64 
  Low 35 29.62 1.01 
 Toro Negro High 26 34.22 1.82 
  Low 28 27.10 1.17 
Hawaii Hilo High 50 29.01 1.70 
  Low 54 27.74 1.29 
 Kona High 35 30.83 1.86 
    Low 34 27.64 1.26 
 
 
 
 
Table A.2.  Female body size (mm) in Hawaii and Puerto Rico 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 4 47.68 3.36 
  Low 3 41.80 5.19 
 El Yunque High 23 48.74 4.40 
  Low 35 39.24 3.05 
 Guilarte High 30 40.98 3.12 
  Low 4 33.70 4.95 
 Rio Abajo High 27 41.36 3.00 
  Low 31 37.81 2.61 
 Toro Negro High 4 40.83 1.91 
  Low 0 NA NA 
Hawaii Hilo High 38 36.42 2.27 
  Low 35 33.21 2.52 
 Kona High 16 36.03 2.29 
    Low 11 34.37 1.93 
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APPENDIX B 
 
Mean values and standard deviations for life-history traits in the laboratory 
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Table B.1.  Maternal body size (mm) in the laboratory 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 9 51.23 2.26 
   25 12 47.90 4.23 
  Low 19 14 39.81 3.59 
   25 31 41.01 1.92 
 Rio Abajo High 19 11 42.15 1.66 
   25 24 41.15 3.50 
  Low 19 4 38.78 1.25 
   25 21 37.67 2.85 
Hawaii Hilo High 19 4 36.38 3.51 
   25 20 37.22 2.77 
  Low 19 9 33.40 2.82 
      25 47 33.30 1.41 
 
 
 
 
Table B.2.  Clutch size (count) 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 9 43.22 9.31 
   25 12 43.75 11.97 
  Low 19 14 35.79 8.41 
   25 31 33.32 10.65 
 Rio Abajo High 19 11 32.91 11.88 
   25 24 38.42 13.63 
  Low 19 4 17.50 1.91 
   25 21 30.62 11.30 
Hawaii Hilo High 19 4 25.50 4.65 
   25 20 32.75 5.36 
  Low 19 9 31.67 9.90 
      25 47 31.26 8.32 
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Table B.3.  Egg size (mm) 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 7 5.51 0.26 
   25 7 5.43 0.18 
  Low 19 10 5.24 0.23 
   25 25 5.11 0.20 
 Rio Abajo High 19 14 5.36 0.32 
   25 29 4.90 0.24 
  Low 19 2 5.22 0.14 
   25 12 4.98 0.21 
Hawaii Hilo High 19 3 5.06 0.13 
   25 13 5.01 0.24 
  Low 19 6 5.02 0.24 
      25 36 4.79 0.24 
 
 
 
 
Table B.4.  Hatching size (mm) 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) 
Rearing 
Temperature 
(ºC)  N Mean SD 
Puerto Rico El Yunque High 19 19 9 7.95 0.51 
    25 9 7.75 0.37 
   25 19 4 7.53 0.58 
    25 5 7.59 0.50 
  Low 19 19 9 7.28 0.43 
    25 8 7.40 0.40 
   25 19 8 7.16 0.43 
    25 9 7.09 0.29 
 Rio Abajo High 19 19 6 7.27 0.42 
    25 7 7.22 0.42 
   25 19 7 6.82 0.32 
    25 7 7.00 0.29 
  Low 19 19 1 6.59 . 
    25 1 6.70 . 
   25 19 3 6.81 0.16 
    25 2 6.95 0.28 
Hawaii Hilo High 19 19 4 7.31 0.12 
    25 2 7.40 0.23 
   25 19 6 6.95 0.40 
    25 4 7.17 0.39 
  Low 19 19 5 6.85 0.31 
    25 4 6.93 0.14 
   25 19 9 6.72 0.25 
    25 8 6.79 0.22 
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Table B.5.  Development period (days) 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) 
Rearing 
Temperature 
(ºC)  N Mean SD 
Puerto Rico El Yunque High 19 19 9 30.48 1.49 
    25 9 18.04 0.76 
   25 19 4 28.63 3.45 
    25 5 17.25 1.50 
  Low 19 19 9 30.78 1.20 
    25 8 18.79 1.12 
   25 19 8 29.75 1.33 
    25 9 17.58 0.74 
 Rio Abajo High 19 19 6 29.72 1.98 
    25 7 17.88 1.21 
   25 19 7 29.00 1.55 
    25 7 18.08 0.89 
  Low 19 19 1 29.67 . 
    25 1 16.00 . 
   25 19 3 28.80 3.54 
    25 2 17.80 . 
Hawaii Hilo High 19 19 4 30.46 1.81 
    25 2 18.67 0.47 
   25 19 6 29.33 1.84 
    25 4 17.04 0.46 
  Low 19 19 5 29.73 1.30 
    25 4 18.94 0.66 
   25 19 9 29.21 1.12 
    25 8 17.31 0.34 
 
  
125
Table B.6.  Growth rate (mm per day) 
 
Range Site Elevation 
Maternal 
Temperature 
(ºC) 
Rearing 
Temperature 
(ºC)  N Mean SD 
Puerto Rico El Yunque High 19 19 9 0.0307 0.0075 
    25 9 0.0346 0.0118 
   25 19 4 0.0279 0.0137 
    25 5 0.0312 0.0116 
  Low 19 19 9 0.0166 0.0028 
    25 8 0.0178 0.0043 
   25 19 8 0.0177 0.0062 
    25 9 0.0270 0.0089 
 Rio Abajo High 19 19 6 0.0260 0.0102 
    25 7 0.0260 0.0071 
   25 19 7 0.0270 0.0088 
    25 7 0.0220 0.0066 
  Low 19 19 1 0.0167 . 
    25 1 0.0139 . 
   25 19 3 0.0107 0.0047 
    25 2 0.0120 0.0086 
Hawaii Hilo High 19 19 4 0.0218 0.0097 
    25 2 0.0232 0.0118 
   25 19 6 0.0164 0.0114 
    25 4 0.0183 0.0043 
  Low 19 19 5 0.0170 0.0091 
    25 4 0.0180 0.0009 
   25 19 9 0.0165 0.0050 
    25 8 0.0168 0.0080 
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APPENDIX C 
 
Means and standard deviations for body size and call parameters of calling male 
Eleutherodactylus coqui in Hawaii and Puerto Rico 
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Table C.1.  Calling male body size (mm) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 35.85 2.07 
  Low 10 28.33 1.05 
 El Yunque High 10 39.85 1.42 
  Low 10 31.21 1.64 
 Guilarte High 10 32.87 1.50 
  Low 5 28.42 0.61 
 Rio Abajo High 10 32.96 1.76 
  Low 10 30.02 0.86 
 Toro Negro High 10 34.15 1.73 
  Low 10 27.50 1.25 
Hawaii Hilo High 10 29.13 1.13 
  Low 10 27.92 1.64 
 Kona High 10 30.73 1.29 
    Low 10 28.59 1.41 
 
 
 
 
Table C.2.  Co frequency (Hz) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 1269.0 47.3 
  Low 10 1590.7 40.4 
 El Yunque High 10 1363.2 46.7 
  Low 5 1624.3 64.5 
 Guilarte High 10 1228.5 49.7 
  Low 10 1531.1 47.6 
 Rio Abajo High 10 1433.9 47.3 
  Low 10 1566.2 62.9 
 Toro Negro High 10 1317.3 68.9 
  Low 10 1600.3 35.8 
Hawaii Hilo High 10 1415.3 48.3 
  Low 10 1547.3 84.1 
 Kona High 10 1312.8 62.5 
    Low 10 1495.8 49.4 
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Table C.3.  Qui frequency (Hz) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 2001.1 81.2 
  Low 10 2651.4 86.9 
 El Yunque High 10 2124.8 96.5 
  Low 5 2531.7 97.3 
 Guilarte High 10 1942.8 76.5 
  Low 10 2439.0 66.2 
 Rio Abajo High 10 2261.8 94.3 
  Low 10 2488.3 98.2 
 Toro Negro High 10 2022.8 85.8 
  Low 10 2603.8 178.5 
Hawaii Hilo High 10 2258.5 88.9 
  Low 10 2564.0 96.7 
 Kona High 10 2114.5 95.6 
    Low 10 2484.2 114.7 
 
 
 
 
Table C.4.  Call (calls per minute) rate in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 21.28 4.82 
  Low 10 27.95 4.17 
 El Yunque High 10 20.45 5.68 
  Low 5 28.65 2.11 
 Guilarte High 9 24.76 7.24 
  Low 10 24.67 4.67 
 Rio Abajo High 10 29.29 5.89 
  Low 10 32.80 7.66 
 Toro Negro High 9 19.79 2.20 
  Low 10 32.62 3.79 
Hawaii Hilo High 10 18.32 3.03 
  Low 10 21.72 2.29 
 Kona High 10 16.56 2.74 
    Low 9 21.12 6.60 
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Table C.5.  Call duration (ms) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 0.43 0.02 
  Low 10 0.34 0.01 
 El Yunque High 10 0.48 0.03 
  Low 5 0.35 0.02 
 Guilarte High 10 0.43 0.02 
  Low 10 0.35 0.01 
 Rio Abajo High 10 0.42 0.03 
  Low 10 0.37 0.01 
 Toro Negro High 10 0.48 0.01 
  Low 10 0.33 0.03 
Hawaii Hilo High 10 0.48 0.03 
  Low 10 0.38 0.03 
 Kona High 10 0.49 0.03 
    Low 10 0.41 0.02 
 
 
 
 
Table C.6.  Call intensity (dB) in the field 
 
Range Site Elevation N Mean SD 
Puerto Rico Cayey High 10 95.9 2.2 
  Low 10 95.5 4.2 
 El Yunque High 10 96.0 3.6 
  Low 5 97.8 3.3 
 Guilarte High 10 96.0 2.8 
  Low 10 95.0 4.0 
 Rio Abajo High 10 98.1 3.1 
  Low 10 96.2 2.3 
 Toro Negro High 10 95.8 2.8 
  Low 10 99.2 2.6 
Hawaii Hilo High 10 95.4 3.4 
  Low 10 94.7 3.2 
 Kona High 10 97.1 3.7 
    Low 10 95.4 2.9 
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APPENDIX D 
 
Means and standard deviations for body size and call parameters in the laboratory 
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Table D.1. Calling male body size (SVL in mm) in the laboratory 
 
Range Site Elevation 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 4 42.43 1.22 
   25 6 42.50 1.76 
  Low 19 5 36.44 0.95 
   25 7 34.37 0.97 
 Rio Abajo High 19 2 35.40 0.71 
   25 5 37.60 2.21 
  Low 19 2 31.85 1.34 
   25 10 32.90 2.21 
Hawaii Hilo High 19 4 31.78 1.24 
   25 7 31.53 1.34 
  Low 19 4 31.93 0.72 
      25 10 30.58 0.84 
 
 
 
 
Table D.2.  Co Frequency (Hz) in the laboratory 
 
Range Site Elevation 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 4 1064.3 30.0 
   25 6 1144.9 49.7 
  Low 19 5 1253.0 20.4 
   25 7 1269.6 35.5 
 Rio Abajo High 19 2 1251.2 18.1 
   25 5 1259.2 37.9 
  Low 19 2 1295.5 21.8 
   25 10 1407.1 85.6 
Hawaii Hilo High 19 4 1280.2 51.2 
   25 7 1307.2 32.1 
  Low 19 4 1324.1 97.4 
      25 10 1352.2 76.6 
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Table D.3.  Qui frequency (Hz) in the laboratory 
 
Range Site Elevation 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 4 1716.8 88.2 
   25 6 1856.3 46.9 
  Low 19 5 2064.6 70.7 
   25 7 2153.3 60.4 
 Rio Abajo High 19 2 2001.7 5.2 
   25 5 2044.3 45.7 
  Low 19 2 2113.2 25.5 
   25 10 2216.9 117.1 
Hawaii Hilo High 19 4 2154.9 65.2 
   25 7 2159.9 74.1 
  Low 19 4 2180.0 119.7 
      25 10 2280.6 94.2 
 
 
 
 
Table D.4.  Call rate (calls per minute) in the laboratory 
 
Range Site Elevation 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 4 17.60 4.37 
   25 6 24.65 5.94 
  Low 19 5 18.02 2.61 
   25 7 25.38 5.08 
 Rio Abajo High 19 2 24.41 0.21 
   25 5 27.81 8.55 
  Low 19 2 23.07 1.32 
   25 10 30.10 5.01 
Hawaii Hilo High 19 4 16.41 0.42 
   25 7 34.24 7.73 
  Low 19 4 15.95 6.51 
      25 10 25.61 4.77 
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Table D.5.  Call duration (ms) in the laboratory 
 
Range Site Elevation 
Temperature 
(ºC) N Mean SD 
Puerto Rico El Yunque High 19 4 0.507 0.004 
   25 6 0.414 0.041 
  Low 19 5 0.433 0.022 
   25 7 0.416 0.021 
 Rio Abajo High 19 2 0.397 0.063 
   25 5 0.374 0.035 
  Low 19 2 0.454 0.026 
   25 10 0.352 0.022 
Hawaii Hilo High 19 4 0.434 0.048 
   25 7 0.368 0.022 
  Low 19 4 0.431 0.028 
      25 10 0.371 0.023 
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